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CHAPTER I. INTRODUCTION 
The structure of crystals is clearly defined and can be described by the 
symmetry properties and the geometrical parameters of the unit cell. For these types of 
solids, x-ray crystallography can be used to completely determine the positions of all 
atoms In the crystalline lattices. However, the lack of long-range order in glasses 
prevents the use of such methods in studying their structures. Techniques have been 
developed in which one determines the radial distribution functions of electron densities 
about specific atoms. The results of this type of investigation are somewhat limited 
because the symmetry and extent of short range ordering cannot be adequately 
resolved. Analysis of vibrational spectra, however, can provide this type of structural 
information when a thorough theoretical analysis of the spectra is carried out. Infrared 
spectroscopy has also been used to identify low-concentration impurities such as 
water, hydroxyl ions, carbonate ions in glass. 
With the development of solid state electrochemical technology [1-111, the 
importance of maximizing the ionic conductivity of solid materials has come into focus. 
In recent years, considerable progress has been made in understanding the structural 
chemistry of many binary and ternary fast ionic conducting glasses as well as in the 
knowledge of their physical properties. The discovery of high lithium ionic conductivity 
in a new class of sulfide-based glasses has been one of the most significant 
developments in the field of solid electrolytes recently. Figure 1 shows the most 
common constituent elements of such glasses. 
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Figure 1. Elements that are found in the formation of covalent non-oxide glasses. 
Those elements within the high bold lines occur most commonly in such 
glasses. 
Glasses formed from melts containing the salts LijS and Lil, and glass formers 
such as B2S3, SiSj, and PjSgll-l 1] have conductivities at room temperature of 10® to 
10'® (Q-cm) ' and show many specific and interesting structural features. In the case of 
sulfide compounds, the sulfur atom, which has a larger atomic radius than oxygen, 
tends to weaken the electrostatic interactions with the alkali cations and for this 
reason, the cation motion is facilitated by the lower potential barrier between alkali 
sites. Our recent studies [12-17] of BjSj-based glasses are motivated by the search to 
fully understand their structures and properties and to understand their high ionic 
conductivity as well as to determine the similarity or differences of these glasses to the 
corresponding oxide glasses. In particular, the existence and nature of the boron 
anomaly has not been thoroughly studied in the thioborate glasses. In this dissertation, 
a study is planned that seeks to develop a structural model that can be used to 
correlate the structure of thioborate glasses with their physical properties. 
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CHAPTER 2. BACKGROUND 
2.1. Structure and properties of alkali borate glasses 
2.1.1. Structure of BjOg 
The structure of pure B2O3 glass was first reported by Zachariasen [18] as a 
random network of planar triangular BO3 group interlinked by sharing corners. Warren 
et al. [191 supported this structure of B2O3 on the basis of an x-ray study that seemed 
to conform that most of the boron atoms in B2O3 are three-fold coordinated by oxygen. 
One of the first structural studies of v-BjOs appears to be due to Krogh-Moe [20, 21] 
based on the IR and Raman spectra. He proposed that there were significant numbers 
of boroxyl rings in the glass structure, shown in Fig. 2. 
0 Boron 
Q Oxygen 
Figure 2. Boroxyl ring model for B2O3 glass. R denotes ring oxygens; C denotes 
connecting oxygens. 
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Galeener et al. [22] later provided strong evidence of this structure using Raman 
spectroscopy. Here, the intense band at - 808 cm'^ is attributed to the strong 
symmetric stretching motion of boroxyl ring. The second strong feature at - 450 cm"' 
was assigned to the symmetric stretch of the bridging oxygen. 
Some of the earlier structural data on B2O3 glasses goes back to the NMR 
data of Bray and Silver [23], wherein the detection of trigonally and tetrahedrally 
coordinated borons could be made. For B2O3, their measurements suggest that the 
cation lies at the center of a plane formed by the three coordinating oxygen ligands. 
2.1.2. Binary MjO + B2O3 glasses (M = Li, Na, K, Rb, and Cs) 
In V-B2O3, the B*® cation is coordinated by only three oxygens. The boron atom 
in the ground state of its valency shell has two electrons in s orbitals and one electron 
in a p orbital. An s electron is easily exited to give the sp^ valency state characterized 
by a planar triangular configuration. For this case, the energy level diagram [24-26] is 
shown below in Fig. 3. Full hybridization to sp® does not proceed due to the lack of 
sufficient number of electrons in the system, only six of the required eight electron are 
available. Hence, the extra p orbital can act as a lewis acid site, where it can accept up 
to two donated electrons. 
It is this empty extra p orbital that dominates the structural chemistry of borate 
glasses. If the boron center can acquire one negative charge in excess, the sp^ hybrid 
may formed. This hybrid is characterized by a tetrahedral bonding leading to a 
5 
Q* 
"s 
)—t-
't 
—(,""^ : 
i t !  
"p ' 
. .  wn 
\4f^/ 
o  
Os 
Figure 3. Valence bond molecular orbital diagram for sp^ hybridization 
stable four-fold coordination of boron with a complete octet of electrons in the valence 
shell. It is natural that boroxyl rings contain no BO4 units; therefore, n character is to be 
expected in the B-0 bonds in the ring, which strengthen the interangular B-0 bonds. 
If the ring contains one or more BO4 units, such as in pentaborate, triborate, or 
diborate groups, then there can be no n character to the B-0 bonds of the BO4 unit, 
therefore, weakening these bonds. This results in the breathing mode vibration being at 
a higher frequency compared to that of a ring with one or more BO4 units. Therefore, 
the 808 cm"' Raman line observed in the borate glasses is assigned to boroxyl 
breathing mode vibrations, and the 770 cm ' Raman line is assigned to the breathing 
mode of a ring with one or more BO4 units. 
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Alkali additions to boron oxide will provide a number of the boron centers with 
one negative charge. The doubly charged oxygen ion, 0^', entering with the alkali may 
be incorporated into the network as a bridge between two BO3 groups, thus forming 
two BO^ groups. The energy diagram is shown on Fig. 4. The structural tool which has 
been most successful in studying the structural chemistry of borate glasses has been 
NMR and we will follow closely the arguments of Bray and Jellison [27]. In the 
following, the structural chemical manifestations of the bonding change over from 
trigonal to tetrahedral borons will be reviewed to explain the so-called "boron oxide 
anomaly", i.e. the occurrence of maxima and minima in physical properties as a 
function of the alkali concentration. 
On adding alkali oxide (MjO) to BzOs, the addition of an oxygen anion into the 
coordination sphere of one B^® center will generate the site illustrated in Fig. 5. This 
site can be energetically stabilized by bridging to an adjacent near boron and hence two 
tetrahedral borons as shown in Fig. 6. With increasing alkali modifiers to B2O3, the 
boron becomes four-coordinated: the fraction of such borons is given by [28] 
 ^ 1-* 
where x is the mole fraction of action of MjO 
This relationship was derived by Bray and O'Keefe [28] and we represent the 
process by balanced chemical reaction B2O3 + MjO = 2MBO2, where the B is assumed 
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Figure 4. Valence bond molecular orbital diagram for sp^ hybridization. 
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Figure 5. Transition state for the formation of tetrahedral boron. 
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four-coordinated in the product. Then, considering 1 mole of reactant, we have n moles 
of oxide ion producing 2n moles of four-coordinated borons, and leaving the initial 
2(1-n) moles of borons diminished by 2n moles. Thus 
M _ moles Bn _ 2n _ _n_ _ (2) 
^ molesBz -^moles Ba 2{l-n)-2n+2n n-\ 1-x 
0 B 
Figure 6. Formation of tetrahedral boron site. 
The fraction of four coordinated borons can be calculated from the glass 
composition and compared to the fraction determined experimentally. This would 
determine, for example, over what composition range the reaction shown in Fig. 7 is 
quantitative. Bray et al. [23-25, 27, 28] who have used and "B NMR spectroscopy 
to determine the relative numbers of borons which exhibit three or four coordination in 
oxide glasses, and has shown that area under each adsorption can be quantitatively 
determined and, in Fig. 7, this fraction has been plotted along with the theoretical 
curve for complete conversion; x/(1-x). These are compared with the Tg's for the 
g  
1.0 600 
O Tg(29| 
• N4I28] 
x/l-x 
0.8 500 
0.6 400 
T 
z 
0.4 300 
0.2 200 
O.O1 100 
0.0 0.2 0.8 0.4 0.6 
xNajO 
Figure 7. Glass transition temperatures fraction of four-coordinated boron for NajO + 
B2O3. 
sodium borate glasses I2g] and note that the maximum in Tg coincides with the point 
of departure of from the theoretical value for complete B4 formation. 
When a four coordinated boron is formed, it does so in such a way that two 
trigonally coordinated boron units are connected by forming an oxygen bridge between 
them. This is clearly seen in the case of the pentaborate group, showing in Fig. 8. This 
effect can be explained by taking two locally planar (e.g. the boroxyl ring units) sheets 
of boron-oxygen units and the oxygen adding a 'bridge' across the two planes, thereby, 
polymerizing them together. This will cause a viscosity increasing effect upon the liquid 
and, therefore, increase the Tg. From Fig. 7, it can be seen that increasing Tg upon 
10 
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triborate ring diborate 
Figure 8. Four structural units observed in alkali borate glasses. 
adding NajO can be directed corrected the conversion of three coordinated to four 
coordinated borons. 
Based on the IR and Raman spectra of alkali borate glasses [20, 21, 30] as a 
function of alkali modifier and other evidence, it was concluded that in the region 0-20 
mole% alkali oxide, the boroxyl groups containing six-membered rings with one BO4 
tetrahedron are observed as seen in Fig. 8. Above 20 mole% alkali oxide, the 
pentaborate groups are gradually replaced by the diborate group, containing two 
connected BO4 tetrahedra per ring. It is significant that at the sodium metaborate 
composition (NajOiBjOg), the crystalline structure has been shown to comprise of 
metaborate rings shown in Fig. 9. 
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This structure can be obtained by adding one molecule of NajO to the diborate 
structural group. Increasing the MjO content (0.4 < x ^ 0.75) was found to induce the 
formation and then subsequent progressive destruction of diborate groups, loose BO4, 
and non-bridging oxygens bonded to the other structural groups. 
3/4 
Figure 9. Formation of metaborate rings from diborate groups 
Figure 10 shows that the creation of non-bridging oxygens in high alkali glasses 
is the dominant structural chemistry which shows the complete depolymersization of 
the melt upon viscosity. Likewise, concomitant with the rapid decrease in Tg, is the 
approach of the glass forming limit. At 66 mole% IMajO, i.e., corresponding to the 
compound, 2IMa20:B203, the structural groups consists of pyroborate units as shown in 
Fig. 10a. By 75 Mole%, complete depolymerization of the structure as occurred and 
the melt consists of isolated orthoborate units as shown in Fig. 10 b. 
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Figure 10. (a) Pyroborate structural unit and (b) orthoborate structural unit 
Having reviewed the binary sodium borate glasses and the dependence of Tg 
upon alkali fraction and the structural chemistry taking place in the glass, attention is 
now turned to the other alkali borate systems. The composition dependence of the 
properties of M2O + BjOj (M = Li, Na, K, Rb and Cs) glasses such as Tg, density 
show well defined maxima or minima at - x = 0.3 and have been shown to exhibit a 
systematic dependence on the alkali modifiers. The 'boron anomaly' has also been 
found in the thermal expansion coefficient of borate glasses as shown in Fig. 11. The 
minima values in the thermal expansion coefficient at ~ 20 mole% MjO for all alkali 
oxide glassforming systems decrease in the order Li > Na > K > Rb [31, 32]. These 
minima have been related to the maximum in the concentration of tetraborate units 
(group through a bridging oxygen between the BO3 group of the pentaborate group to 
the BO4 of the triborate group), to the disappearance of boroxyl units and to the 
appearance of diborate units. The maximum in Tg (31-331 is associated with the 
maximum in the number of covalent oxygen bridges in the glass shown in Fig. 11. 
The monatomic decrease in Tg as the size of cation increases, shown in Fig. 12, 
can be attributed to the decrease in strength of ionic 0'- bond. 
13 
Mole fraction of alkali modiflers 
Figure 11. Thermal expansion coefficient of alkali borate glasses as a function of 
alkali modifier content [31, 32]. 
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The density of borate glasses have been extensively measured by Feller et al. 
[34-37], Markin [38], Takeuch et al. [39] and Kungi et al. [40]. Recently, a model has 
developed to connect the density to atomic arrangements in lithium, sodium and 
potassium borate glasses. This model was able to yield the relative volumes of the 
structural groups present over wide range of composition, and it was possible to 
calculate the volume of each structural group from the densities. The packing fractions 
were also determined for the four-coordinated boron units. Figure 13 shows the 
composition dependence of the densities for Li, Na, K, Rb, and Cs borate glasses. 
600 
500 
•A- -.-A Na 
o 
^ Cs 
200 
0.0 0.1 0.2 0.3 0.4 0.5 
Mole fraction of alkali modifiers 
Figure 12. Glass transition temperatures for the alkali borate glasses. 
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0.2 0.4 0.6 0.8 
Mole fraction of alkali modifiers 
Figure 13. Densities of alkali borate glasses as a function of alkali modifier 
contents. 
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2.2. Structure and properties of alkali thioborate glasses 
2.2.1. Structure of B2S3 
One of the first structural studies of C-B2S3 appears to be Chen [41J in 1969 by 
using x-ray and IR spectra, and the crystal structure in Fig. 14 was proposed. 
The proposed crystal structure consists of one dimensional zig-zagging chains of 
four membered ring bridged by sulfurs, but no clear interpretation of these spectra was 
made because the spectra were too poorly resolved to identify the absorption bands 
accurately. Recently, Diercks and Krebs 142, 43] performed x-ray crystallography 
studies of single crystal B2S3. The proposed crystal structure is shown in Fig. 15 and 
was described as zig-zag chains of six-membered ring with each rings joined to 
six-membered ring of an adjacent chain by a four membered rings. 
Figure 14. Crystal structure for B2S3 as proposed by Chen (41). 
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M2I 
Figure 15. Crystal structure of BjSj showing four- and six-membered rings. 
Similar conclusions about the structure B2S3 have been reached by Geissberger 
and Galeener [22] in their Raman study of v -B2S3 and (HBSjla- Figure 16 shows the 
Raman spectra for V-B2S3. Here, the intense band at 445 cm ' is assigned to the 
symmetric stretch of sulfur atoms in six-membered rings based upon analogy to the 
oxide system. The broad line at 325 cm"' is assigned to the symmetric stretch of sulfur 
atoms bridging between rings corresponding to the broad peak at 450 cm"' in v-BjOj. 
An appealing overall correspondence exists between the v-BjOj and B2S3, only 
one spectral feature at 512 cm"' is left. This band is assigned to symmetric stretching 
of sulfur atoms in four-membered rings. However, the contamination effect of V-B2S3 
using from the unprotected silica tube is not known from this study. 
More recently, Martin et al. [44] have reported the IR spectrum of high purity 
V-B2S3. The starting material was prepared in sealed carbon-coated silica tube, and their 
Infrared result is shown in Fig. 17. It is suggested that the 1000 cm ' band may be of 
mixed origin, consisting of ring vibration modes from the known six-membered ring unit 
18 
(seen also in the oxides) and proposed four nnembered ring unit (existence supported by 
the crystal structure of c-BjSa). The dimer should have high bond distortions compared 
to the trimer, and this should increase the energy of the structure, thereby increasing 
the effective force constants which would result in dimer vibrations occurring at higher 
frequency that those of the trimer. 
10 i r T 
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Figure 16, Raman spectra of v-BjSa by Geissberger et al. [221 
Although Greene et al. attributed in the 1000 cm ' region to vibrations of a dimer 
(four-membered ring), there is no evidence for this assignment. Trigonal planar units 
vibrate between 760 cm' and 810 cm ' in the ortho-thioborates, and are probably 
responsible for the main peak at " 800 cm ' in the v-BjSg. Both BS2/3 and BSg^' have a 
Djh symmetry [26, 45] and Fig. 18 shows the molecular orbitals that form using 
19 
hybridized 2S(A,') and two 2P(Ei') boron orbitals and three 3P orbitals (AZ + E,*) from 
the sulfur atoms. 
There are thus three bonding molecular orbitals in both 683,3 and BSg^', the 
difference being the number of filled non-bonding orbitals. From the molecular orbital 
diagram, the difference Is the number of filled non-bonding orbitals(ab"). Therefore, if 
we neglect the participation of non- bonding orbitals, the energies of B-S bonds in the 
two units are very similar and, therefore, vibrational energies of such bonds should 
similar In these units. 
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400 4000 
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Figure 17. IR spectrum of high purity V-B2S3. 
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Figure 18. Valence bond molecular orbital diagram for (a) 683,2 and (b) BSj^ 
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2.2.2. Binary sodium thioborate glasses 
In order to discuss the structures of alkali thioborate glasses, a structural model 
is first developed based upon the hypothesis that the short range order (SRO) 
structures of the thioborate glasses will be similar to those of the corresponding borate 
glasses. As Fig. 19 shows, the IR spectra of the sodium thioborate glasses on the low 
alkali side shows the monotonic increase the band intensity at - 600 to 750 cm ' 
ascribed to the tetrahedral boron units and the - 1000 cm"' band remain relatively 
constant up to x = 0.25. Above x = 0.25, a new band at 950 cm'^ steadily grows 
and exhibits a strong absorption band at x =0.3, which is responsible for the 
metathioborate groups. Simultaneous to this behavior, an absorption band at - 826 
cm"' increases in intensity and is associated with the formation of trigonal boron unit 
with one non-bridging terminal sulfur. 
Due to the glass forming gaps between 0.33 < x < 0.55, the IR spectra of the 
glass at x = 0.55 is much different than for x = 0.33 as seen in Fig. 20. As the alkali 
contents increase from x = 0.55 to x = 0.8, the IR spectra become greatly simplified. 
That is, as the fraction of NajS increases toward x = 0.8, the band at - 887 cm"' 
diminishes as does the band at - 630 and 730 cm"' and shows a dominant absorption 
band at ~ 800 cm"' at x = 0.8, which is assigned to the orthothioborate units (BS3® ). 
The IR spectrum for the soduim metathioborate phase at x = 0.5 shows a intense 
band at " 900 cm ' and thus a absorption band at - 900 cm"' for x = 0.55 is 
associated with the six-membered ring groups with terminal non-bridging sulfurs. 
22 
xNa2S + (l-x)B2S3 
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-1. 
400 
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Figure 19. IR spectra of thin glass films of xNSjS + {1-x)B2S3 glasses. Composition 
shown here of the low alkali glassforming region 0 ^  x ^ 0.33 [15]. 
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Figure 20. IR spectra of KBr pellets of NajS + (l-xjBiSj glasses. Composition 
shown here for the high alkali glassforming region, 0.55 ^ x ^ 0.80 (15]. 
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Such behavior parallels that found in sodium borate glasses. On the high alkali 
side, the IR spectra reflect the gradual depolymerization of thioborate glass network 
through the formation of thioborate units containing non-bridging sulfurs. Such units 
are the metathioboroxyl rings (Fig. 21.1) and orthothioborate group (Fig. 21.2) and both 
units represent molecular type structure which is completely depolymerized from the 
glass network. The glass transition measurements of the NajS + BjSa glasses [12, 
131 have shown that Tg decreases with NazS additions by contrast with that of alkali 
borate glasses in the low alkali region. This behavior indicated that IRO structure give 
rise to the increasing Tg in the borates, while such an ordering was not formed in the 
thioborates. The density [12, 13] and "B NMR [46, 47] measurements have shown 
that the SRO structure of alkali thioborate glasses is similar to that of alkali borate 
glasses. While, as seen in Fig. 22, a conversion rate from trigonal to tetrahedral borons 
[46, 47] is - 6 to 8 in the 0 ^ x ^ 0.15 range but beyond x = 0.15, the conversion 
rate rapidly decreases and shows ~ 0 as seen in Fig. 22, a conversion rate follows the 
classical x/(1-x) law in the borate glasses. 
In terms of valence theory, sulfur ion can have only eight valence electrons and 
hence a conversion rate of 6 to 8 requires twelve or sixteen valence electrons, which is 
a more difficult situation to understand. A structural model has been suggested where 
four tetrahedral borons are created for each Na2S added which is very similar to that of 
diborate group except that all borons are tetrahedrally coordinated and can be shown in 
Fig. (21.3). This model can only accounts for 2x/(1-x) as shown in Fig. 23 and the 
remaining fraction of tetrahedral borons, - x/1-x to ~ 2x/1-x may form from sulfur 
s-
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Figure 21. Structural groups in the sodium thioborate glasses, (1) metathioborate ring 
(2) orthothioborate group (3) proposed dithioborate group. 
Figure 22. N4 fraction of the NajS + BjSj glasses [46]. 
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already present in tlie B2S3 si<eleton itself. It has proposed that four-membered ring 
groups on the B2S3 skeleton itself may participate in forming extra tetrahedral borons 
by breaking and rearranging of this B2S3 unit. 
For the high alkali borate glasses (x > 0.50), Tg studies suggest the 
development of an increasing fraction of non-bridging oxygens bonded only to trigonal 
boron units. Hence, as the fraction of non-bridging oxygens increases, so the fraction 
of tetrahedral borons must decrease. Martin [48] and Feller et al. [34] have recently 
interpreted the decreasing Tg and the slowly decreasing density in terms of the 
increasing fraction of non-bridging oxygen groups. 
s 
Figure 23. Formation of dithioborate group. 
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CHAPTER 3. OBJECTIVES OF THE DISSERTATION 
We have reported on the IR, Tg, and density of glasses in the MjS + B2S3 
glasses (M=: Li and Na) but it appears that no studies have been examined the other 
alkali thioborate (K, Rb and Cs) glasses. In this study, we intend to extend our study of 
thioborate glasses by examining these and other related glasses. The IR spectra of the 
polycrystals, and the glasses in the Li2S + BjSj and Na2S + B2S3 series produced a 
direct analytical tool to probe the SRC of these materials. The IR spectra of the 
compounds in the Na2S + B2S3 system suggested that they are structural identical to 
those in the NajO + B2O3 system. Does such a one to one correspondence exist 
between the compounds in other alkali borate and thioborate systems? We will 
examine the analysis of IR spectra in Li20 + B2O3 glasses and correlate the results 
with those of absorption measurement on the similar Li2S + B2S3 glasses. Also IR 
spectra will be taken on the KBr pellets of polycrystals in the M2S + B2S3 (M = k, Rb, 
and Cs) to answer this question. 
Likewise, the creation of tetrahedral borons in other alkali thioborate glasses 
remains an open question. In the alkali borate glasses, all of the alkali modifiers 
produced tetrahedral borons out to high alkali oxides. A similar study of the other 
thioborate glasses has not to be made. Do tetrahedral borons form in the other alkali 
thioborate series? If so, do they follow the same compositional dependence as in the 
MjS + B2S3 (M = K, Rb, and Cs)? IR spectra of blown thin films of these glasses will 
be used to investigate these questions. 
So far we have shown that the Tg behavior in the NajS + B2S3 glasses is 
exactly opposite to those observed in the oxide borates. Tetrahedral boron fractions 
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were found to follow the same trend which shows increasing fractions with 
increasing alkali content in the low alkali region in both borate and thioborate glasses, 
but were found it to be one and one half times higher in the case of the low KjS + 
B2S3 glasses and four times higher in the case of the NajS + B2S3 glasses. Is such 
behavior seen in the MjS + B2S3 glasses (M = Rb, Cs) as it was in the alkali borate 
glasses, will Tg behave as in the same way in the alkali borate glasses? Tg 
measurements of MjS + B2S3 (M = Rb, Cs) glasses will be used to answer this 
question. 
The alkali earth sulfides have significantly lower melting points than the alkaline 
earth oxides and offer the possibility of opening up an entirely new class of alkaline 
earth - based thioborate glasses. Can glasses be prepared in the binaries MS + B2S3? If 
so, over what range of compositions? Can their structures be determined through the 
use of IR spectroscopy? If so, do they show structures similar to those of the alkali 
thioborates? 
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CHAPTER 4. EXPERIMENTAL METHODS 
4.1. Synthesis of high purity MzS (M = K, Rb and Cs) powders 
It was found that comnnercial KjS powders were slightly contaminated with 
oxides. This powder was listed as a reagent grade purity; however, the infrared spectra 
of potassium thioborate glasses, for example, at high K2S contents (x > 0.45) 
indicated significant amounts of oxide contamination due to the contamination of KjS 
powder. For this reason, MjS was prepared in our laboratory through the direct reaction 
of the alkali metal and crystalline sulfur and used for the alkali thioborate glasses and 
heat cycles are shown Tables 1-3. Appropriate amounts of M metal (99.99%, Alfa or 
ESPI) and crystalline sulfur were transferred to a previously flame dried quartz tube as 
shown in Fig. 24. The tube was then sealed under vacuum using a gas-oxygen torch 
and then heated in a furnace at 1°C/min. up to 300 - 500 °C and held for 1-3 days and 
cooled slowly to room temperature. The resulting MjS powder was in the form of a 
homogenous white powder. All of the above sample handling procedures were 
performed in a high quality O2- and HjO- free (2ppm) glove box. The IR spectra of the 
MjS powder so prepared indicated very weak absorption bands due to contaminate 
oxides and HjO or HjS. These absorption bands could be wholly due to the extremely 
hygroscopic and air-sensitive nature of the potassium metal, which may become 
slightly contaminated by reaction with the small residual amounts of H2O and O2 in the 
glove box prior to use. 
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Table 1. Temperature program used to prepare KjS. 
Cycle Ramp rate (°C/mln,) Set temperature (°C) Dwell time (hrs) 
1 1 60 1 
2 1 200 0.5 
3 1 300 1 
4 1 400 1 
5 2 500 20 
Table 2. Temperature program used to prepare RbjS. 
Cycle Ramp rate (°C/min.) Set temperature (°C) Dwell time (hrs) 
1 1 40 1 
2 1 100 0.5 
3 1 200 1 
4 1 300 1 
5 2 400 40 
Table 3. Temperature program used to prepare CsjS. 
Cycle Ramp rate (°C/min.) Set temperature (°C) Dwell time (hrs) 
1 1 28 1 
2 1 50 0.5 
3 1 100 2 
4 1 200 2 
5 2 310 50 
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Figure 24. The tube sealing of M metal and sulfur powder before heat treatments. 
4.2. Preparation of high purity 
Although C-B2S3 is available commercially, its purity is extremely low. As a 
result, we have developed preparation techniques to synthesize high purity B2S3 To 
synthesize high purity V-B2S3, amorphous boron which has a much higher chemical 
reactivity than crystalline boron is reacted in sealed tubes that have been previously 
coated with carbon by thermal decomposition of acetone. In uncoated silica tubes, 
BjSa reacts quantitatively at higher temperatures according to 2B2S3 + 3Si02 --> 
2B2O3 + SSiSj. 
The first step of the V-B2S3 preparation process is to pyrolytically coat the silica 
tubes (10mm ID, 12mm OD, closed at one end) with vitreous carbon. A four foot 
section of silica tube was cut into two foot sections using a glass cutter. The two foot 
sections were converted to two tubes one foot in length closed at one end by heating 
and softening the center of the tube with a gas/oxygen torch and slowly pulling the 
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cold ends apart. As the tube was pulled apart the hot section of the tube collapses to 
form a seal at one end of each of the two one foot tubes produced. All four one foot 
sections were allowed to cool, rinsed with acetone, and placed in a drying oven. Once 
dried, the sealed end of each of the four tubes was placed in a tube furnace at 850°C 
such that 2-3 inches of the open ends remained outside the furnace. Nj gas is passed 
through a flow meter and then through an acetone bath via a porous gas diffuser. The 
acetone enriched N2 gas bubbling out of the solution was then branched and directed 
to flow into each of the four tubes in the furnace. Once the carbornized tubes were 
prepared, acetone was used to rinse them. 
In order to remove the surface moisture on the inner surface of the carbonized 
tubes it is frame dried using a gas torch. A stopcock assembly utilizing a rubber hose 
and hose clamps is attached to the tube and a vacuum is pulled through a liquid 
nitrogen trap. Heat is then applied to the tube using a gas torch and the surface 
moisture on the inside of the tube is driven off. The closed off tube is then transferred 
to the glove box. The boron and sulfur are mixed in appropriate amounts for B2S3, and 
placed in the carbon coated tube and then reconnected to the stopcock assembly and 
sealed off. Finally, to seal, the tube is evacuated through a roughing pump and the 
nitrogen trap. After three minutes of evacuating, the edge separating the carbonized 
and clear region of the silica tube is heated carefully with an oxygen torch. The silica 
tube softens and collapses inwards due to the vacuum. A heating schedule is shown in 
Fig. 25. 
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Boron Sulfide Preparation Heating Profile 
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Figure 25. Optimum heating profile for B2S3 preparation. 
This heating schedule worked very well for charges of 4 grams placed in 1 cm 
I.D carbonized silica tubes approximately 20 cm in length. The silica tube is rotated 
several times a minute at an angle such that the melt does not contact the bare end of 
the bare silica tube. Sulfur analysis was performed on the V-B2S3 samples prepared 
using this technique to determine the oxygen contamination level. The average purity 
obtained from the S/0 ratio was approximately 99 wt% B2S3. The combined effects of 
the reaction tube carbonization and reduced soak times resulted in higher purity 62S3 
glass. The sample was air quenched and removed from the tube in a high purity He 
atmosphere glove box. A brown-green glassy rod, which showed completely reacted 
boron and sulfur, was obtained from the tube. The sample was crushed to a fine 
powder in the glove box using an impact mortar and pestle. 
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4.3. Preparation of MjS + B2S3 glasses and polycrystals (M = Li, K, Rb and Cs) 
The high purity B2S3 (99 wt%) and MjS powders (prepared in this work) were 
used for the preparation of 1 to 2 gram batches of glasses and polycrystals. 
Appropriate amounts of the starting materials were weighed out and thoroughly mixed 
and melted in a vitreous carbon crucible in a muffle furnace (Thermolyne) inside the 
glove box in a He atmosphere. The samples were melted at temperatures between 700 
and 850°C and quenched by removing from the furnace. Melting and cooling conditions 
were the same for all samples. 
Melting times of 5 to 10 minutes depending on composition were found 
adequate to obtain melts. The melts of composition 0.50 ^ x ^ 0.75 were quenched 
into thin plates in stainless steel molds. The melts of composition 0 :< x ^ 0.45 were 
blown into thin films by gathering the gob of viscous liquid on the end of an alumina 
tube and forcing the dry, and oxygen-free atmosphere down the tube to blow the films 
with an atomizer bulb. 
Polycrystals were prepared by using solid state reaction of B2S3 and M2S in 
sealed, carborized tubes at 400 to 500 "C for 120 days. 
4.4. Preparation of MS + B2S3 glasses and polycrystals (M = Sr and Ba) 
The MS + B2S3 glasses were prepared mixing stoichiometric amounts of B2S3 
and MS and then transferred to a vitreous carbon crucible and melted for - 15 minutes 
at - 900 to 930 °C. The resulting melts were then quenched between stainless steel 
molds. To prepare c-MSiBjSj, MS and excess B2S3 {- 33wt%) were mixed and 
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transferred into a carbon-coated quartz tube. Finally, the tube was heated at ~ 680 to 
700 °C and kept for 110 hrs. To remove Impurity phases (49J, the tubes were 
vacuumed at 550 "C through the a liquid nitrogen trap. To prepare x = 0.33 and 0.75 
ploycrystals, the direct reactions of B2S3 and MS were used at 600 to 750 "C for 110 
hrs. 
4.5. Infrared (IR) spectroscopy measurement 
IR spectra were recorded over the range 4400 cm'^ - 400 cm ' using a BioRad 
FTS-40 spectrometer. The IR spectra of polycrystals was taken using the KBr pellet 
method. Here, 6 mg of the polycrystalline compound were ground together with ~ 120 
mg of IR-grade KBr, previously dried at 300°C, in an agate motar. The IR spectra of the 
glasses were taken using thin-blown films which was sandwiched between two single 
crystal KBr plates separated by a gas-tight rubber 0-ring. The hermetic cell protected 
the films during transfer from the glove box into the spectrometer and during 
measurements. The IR spectra typically were obtained using 64 scans at 2 cm' 
resolution. The optical bench were purged with dry Nj. 
4.6. Density measurement 
The Archimedean method was used in determining the density of alkali and 
alkaline thioborate glass samples. The equations used to determine the density are: 
Vo/ume of g/ass = ^ l, 
» DensityMx,o„M 
36 
Density of glass = (2) 
After calibration of the A & D FX-balance (0-300g, iO.OOl), the dry mass was 
determined using weighing paper between the sample and the balance. The suspended 
masses of the glass samples were determined by hanging a small aluminum wire 
basket below the balance and immersing the basket with glass sample into a small 
beaker of kerosene. After recalibrating the balance with the basket on it, the 
suspended mass was taken. Kerosene was used as the suspending fluid because it 
does not react with the samples. Even then, sodium metal was periodically added to 
the kerosene to getter any Oj and HjO in the kerosene. 
4.7. Glass transition temperature measurement 
All glass transition temperature measurements were made on samples that were 
be hermetically sealed in aluminum sample pans using a Perkin-Elmer DSC-4 attached 
to a MC^ thermal system PC data station. The DSC were calibrated using indium, tin, 
lead and zinc melting points to Ji1°C. The effect of scanning rate on the temperature 
calibration were accounted for by running the indium, tin and lead standard at different 
rates spanning the heat rate in the experiments and fitting the scanning rate dependent 
melting point to a second order polynomial. The temperature axis was then corrected 
using the polynomial correction factor. Glass samples and pans were weighed using a 
Perkin-Elmer Micro-balance (AD-2Z, jfO.OImg) and samples (- lOmg) were 
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hermetically sealed Into aluminum sample pans in the He environment of the glove box 
and immediately transferred to the DSC. Glass transition temperatures were taken as 
the intercept of the straight line segments of the pre- and post-transition in Fig.26. A 
uniform heating rate and cooling of 20°C/min. was used depending on composition in 
all Tg measurements. 
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Figure 26. Determination of Tg. 
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4.8. NMR spectroscopy measurement 
The NMR experiments were performed at a resonance frequency of 22.9 MHZ 
on a home built phase-coherent NMR spectrometer of Prof. Torgeson's group in physics 
department and measured by his student, Kyunghan Kim. The "B (I = 3/2) NMR 
spectra were obtained by taking complex Fourier transform of FID (Free Induction 
Decay). The pulse sequence used was a single tc/S pulse (~ 2^sec width) with 
acquisition of FID immediately following the rf pulse. 
A short, single pulse was chosen based on the fact that, in quadrupolar nuclei, 
echo sequences tend to distort the line shape making accurate quantitative 
determination impossible [53]. In order to perform quantitative analysis on the spectra 
of quadrupolar nuclei, a pulse width having no longer than [(l/2)tj^l/(l + 1/2) was used 
based on the criteria Taulelle et al. [54], The width of a n/S pulse was found to be 1.8 
M.sec of the sulfide-based glasses, with the particular rf coil and probe Q-factors 
employed, and nominal 10^ W peak power rf pulses. 
The probe design utilized a single rf sample coil and two independently tunable 
rf capacitors. The capacitors were tuned so as to precisely match the probe to the 50 
£2 characteristic impedance of the interconnecting transmission lines [55] at 22.9 MHz, 
Pulse sequences were generated by a programmable pulse sequencer [56] double 
sideband rf switch [57], a receiver similar to that described by Adduci et al. 158] with 
quadrature detector [59]. Digital data acquisition was accomplished using DEC 
LSI-11/73 computer interfaced to a HP 54504 digitizing oscilloscope. 
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CHAPTER 5. RESULTS AND DISCUSSION 
5.1. Glass forming ranges 
5.1.1. MjS + B2S3 glasses (M = LI, K, Rb and Cs) 
The alkali thioborate glasses were prepared by blowing thin films of the low 
alkali glasses and quenching between stainless steel plates at room temperature to 
form sheets in the high alkali glasses. Figure 27 shows the composition ranges over 
which glasses in the M2S + B2S3 systems can be prepared. The high alkali limit of the 
glass forming ranges for the oxide systems occurs the limiting compound, SMjOiBjOa 
(M3BO3) is formed. Glass forming in the high alkali region is associated with the 
decreasing liquidus of the metaborate compound, NaBOj, and the low melting points of 
the next two compounds to form, the pyroborate (2M20:B203) and the orthoborate 
{3Na20:B203). 
In the sulfide system, although the pyrothioborate, 2M2S;B2S3 is unknown, the 
temperature between the metathioborate and orthothioborate compounds could be low 
and may be responsible for the formation of glasses in a manner similar to that in the 
oxide system [34-37, 49]. the limit of the glass forming range may be associated with 
the rapid rising liquidus temperature associated with the formation of the end member 
compound, M2S. The glass forming ranges for the alkali borate glasses [49] are larger 
than the those for the alkali thioborate glasses as shown in Fig. 27. Glass formation 
was confirmed visually in most cases, but by x-ray diffraction in others. 
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Figure 27. Glass forming ranges for MjX + B2X3 glasses (M = Li, K, Rb and Cs) and X 
= 0, S. 
5.1.2. Glass forming ranges of the MS + B2S3 glasses (M = Sr and Ba) 
Figure 28 shows the composition ranges over which both MS + B2S3 and MO 
+ B2O3 glasses 150, 51] could be prepared. We have found that the liquid with xSrS 
< 0.33 clearly showed phase separation between B2S3 and SrS phases on cooling. 
Thereafter, the homogenous liquids were obtained and quenched into homogenous 
glasses and glasses in the 0.33 <x < 0.7 were prepared. 
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The limit of the glass forming range beyond xSrS = 0.7 and xBaS = 0.65 may 
be associated with a high melting point of SrS and BaS (> 1900°C). The glass forming 
range of the binary BaS + B2S3 glasses has been carefully examined and is shown Fig. 
28. The glass forming ranges of the MjS + B2S3 glasses are different that found 
those of the Sr and Ba borate glasses as shown Fig. 28. 
0.0 0.2 0.4 0.6 0.8 1.0 
xMX (M = Sr and Ba), (X=0, S) 
Figure 28. Glass forming ranges for the MS + B2S3 glasses (M = Sr and Ba). 
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5.2. X-ray diffraction data of c-MjSiBjSspolycrystals {M = Sr and Ba) 
X-ray powder diffraction was carried out at c-iVISiBjSa (M = Sr and Ba). The 
d-spacings are shown Table 4 and the diffraction patterns are shown in Figs. 29 and 
30, The x-ray diffractions of the resulting polycrystals for x = 0.5 were in well 
agreement with the results of Chopin et al. [52]. 
Table 4. x-ray diffraction data of a) c-SrSiBjSg 
and b) c-BaS:B2S3. 
Ref. 52 This Work Ref. 52 This work 
a) d-spacings (A) b) d-spacings (A) 
3.73 3.73 3.93 3.96 
3.47 3.48 3.9 3.9 
3.03 3.03 3.47 3.48 
2.91 2.9 3.34 3.37 
2.86 2.86 3.19 3.21 
2.79 2.79 3.08 3.07 
2.54 2.54 2.92 2.96 
2.48 2.48 2.67 2.68 
2.46 2.47 2.59 2.59 
2.41 2.45 3.35 2.33 
2.3 2.3 2.27 2.29 
2.22 2.22 2.2 2.2 
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4.44  2 .98  2 .25  1 .82  1 .54  1 .34  1 .20  
71.OT 100 
63.9- -90  
56 .8- -80 
49.7- -70  
42 .6- -60 
35.5- -50  
28 .4-J  
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Figure 29. x-ray diffraction powder pattern of c-SrS'.BjSs. 
44 
4.44  2 .98  2 .25  1 ,82  1 .54  1 .34  1 .20  
98 .0  100 
88.2- -90  
78 .4- -80 
68.6- -70  
58 .8- -60  
49.0- -50  
39 .2- -40  
29 .4- -30  
19 .6- -20 
-10 
60 30 40 50  20 80 
Figure 30. x-ray diffraction powder pattern of c-BaSiBjSa 
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5.3. "B NMR spectroscopy 
Nuclear magnetic resonance (NMR) techniques have been found to be quite 
useful in understanding the short range order (SRO) structures of the sodium and 
potassium thioborate glasses [46, 47]. While IR spectra and density measurements of 
these glasses have shown that both techniques are very sensitive to the SRO 
structures and indicate the SRO structures of the alkali borates and thioborates are 
very similar, these measurements are not able to easily quantify the fractions of the 
structural units present in the glasses. 
The structure of the alkali borate glasses have been studied using "B NMR 
spectra by Bray et al. [23-28]. They have reported that the fraction of tetrahedral boron 
units (N4) are depend upon the alkali ion present in the glass system and decrease 
slightly as the size of the alkali ion increases. The previous NMR studies of the 
sodium and potassium thioborate glasses [46-47] have shown that the tetrahedral 
boron fraction, N4, decreases strongly as changing from Na to K thioborate glasses. 
5.3.1. RbjS -I- B2S3 system 
The "B NMR spectra of the rubidium thioborate glasses are shown in Figs. 
31-33. Two distinct types of resonance appear, indicating that there are two different 
boron environments. The broad line in Fig. 31 has been shown to be due to the 
presence of trigonal boron units and appears alone in the V-B2S3. The narrow line at -
22.9 MHz appears at 5 mole% RbjS and increases in intensity and arises from the 
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Figure 31. "B NMR spectra of xRbjS + (1 -xjBzSj glasses in the 0 < x < 0.2 region. 
47 
P 
< 
yi 
d 
xRb2S+ (1-x)B2S3 
22.75 22.80 22.85 22.90 22.95 23.00 23.05 
Frequency(MHz) 
Figure 32. "B NMR spectra of xRbjS + (l-xjBjSj glasses in the 0.25 < x < 0.4 region. 
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Figure 33. "B NMR spectra of xRbaS + (l-xjBjSa glasses in the 0.6 < x < 0.75 region. 
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highly symmetric tetrahedral boron units. A similar behavior were observed in the 
sodium and potassium thioborate glasses [46, 47]. 
In the high alkali glass forming region, 0.60 ^ x ^ 0.75, the narrow line 
assigned to the tetrahedral boron unit decreases in intensity out to x = 0.75 and the 
fraction of trigonal boron units increases at the expense of the tetrahedral boron units. 
Also, the resonance peak, indicative of the presence of trigonal borons, for the high 
alkali glasses is quite different from that of the sodium thioborate glasses [46] and 
show the additional resonance peaks in the trigonal boron resonance peak. This 
additional resonance peak below 22.9 MHz was first observed at x = 0.60. Thereafter, 
another type of resonance line begins to increase at -- 22.855 MHz and shows only a 
broad line at ~ 22.855 MHz at x 0.75. Simultaneous to this behavior, a resonance 
peak in intensity at ~ 22.85 MHz decreases and goes to zero at x = 0.75. 
Bray et al. [24-27] have suggested that, since the SRO groups in the alkali 
borate glasses have a similar value of the quadrupole constant, Q„, a non-zero value of 
•n, the asymmetric parameter, gives rise to different types of trigonal boron lines. 
However, this behavior has not been found in the sodium thioborate glasses. At this 
ponit, any definite conclusions as to where a type of three-coordinated boron site is 
expected must await the detailed studies of the MAS NMR spectra, which are in 
progress. 
N4 is defined as the ratio of the fraction of tetrahedral boron units to the total 
amount of boron units in the glass. The fraction of tetrahedral boron units are 
proportional to the integrated intensity of the narrow line at ~ 22.9 MHz as shown Fig. 
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34. was determined using an N4 software program [471. The results of the 
measurement of N4 as a function of Rb2S content are shown Fig. 35. The widely 
reported x/1-x rule for approximately the alkali borate glasses apears to be 
approximately obeyed in these glasses when the solid line on Fig, 35 is the value of N4 
that are obtained where each RbjS unit converts two three-coordinated borons to 
four-coordinated borons. 
A4 
A3 
22.75 22.80 22.85 22.90 22.95 23.00 23.05 
Frequency(MHz) 
Figure 34. Determination of N4 in "B NMR spectra. 
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Figure 35. N4 fraction vs. xRbjX (X = 0, S). 
Such an equation has been predicted by Krogh-Moe [20] for the case of alkali 
borate glasses. As shown in Fig. 35, however, the N4 data lie slightly above the curve 
x/(1-x) in the composition range x = 0 to 0.35. A maximum appears at x = 0.30, 
whereafter begins to decrease as x increases up to x = 0.75. The maximum in N4 
at x = 0.30 is similar to the composition of N4 for the rubidium borate glasses. It is 
noted that the behavior of N4 in the RbjS + B2S3 glasses shows a resemblance to that 
of N4 in the rubidium borate glasses except that the RbjS data all fall slightly above 
the RbzO data. For the Na thioborate glasses, N4 follows a 3-4x/1-x rule where 6 to 8 
tetrahedral borons created for every added Na2S. For the K thioborate glasses, we have 
52 
found that N4 follows a 1.5x/1-x rule and 3 tetrahedral borons are created for every 
KjS added to B2S3. 
In order to facilitate the analysis of the N4 data, a plot of N4 as a function of 
x/(1-x) is made for the rubidium thioborate glasses. This is shown in Fig. 36, where it 
can be seen clearly that there are three regions over which the N4 data fall on a straight 
line and is fitted to the equation: 
N. - 3l-£- (5.3.1) 
21-x 
where a (conversion rate) is the number of boron atoms converted from three- to 
four-coordination by the addition of a sulfide ion. The value of a is found to be 2.5 in 
the 0 < X < 0.25 region. In this region, it appears that a RbjS unit added to the glass 
converts approximately two borons from three- to four-coordination. Such behavior 
has been also observed in the NMR spectra of alkali borate glasses [28] and 
indicates that the conversion rate for borons from trigonal to tetrahedral coordination is 
\ 
two per added oxide ion. In contrast to that found in the alkali borate glasses, the 
conversion rates observed in the MjS + B2S3 glasses (M = Na, K) [46, 471 were found 
to decrease strongly for a given composition as the alkali ion become larger. In the 
sodium thioborate glasses, the conversion rate from three to four coordination is - 6 to 
8 per added sulfide ion. In the potassium thioborate glasses, the conversion rate from 
three to four coordinated boron is ~ 3 per added sulfide ion. 
In the 0.25 < x < 0.30 region, the conversion rate slows and indicates that a 
new structural unit must be forming in these glasses. The most likely formation of 
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Figure 36. N4 vs. x/(l-x) for RbjS + B2S3 glasses. 
structure group is the trigonal boron having a single non-bridging sulfur ion (BS3 ). In 
the 0.30 ^ X :< 0.40 region, the boron conversion rate becomes negative, resulting in 
a = -0.76. The maximum in N4 for the RbjS + BjSg glasses occurs at x = 0.30 and is 
similar to that for the KjS + B2S3 glasses, occurring at ~ 0.30 - 0.35. 
In the case of the rubidium thioborate glasses, the conversion of ~ 2 was 
found, which follows the trends of alkali borate glasses. If this is the case, the 
structure of polycrystalline rubidium dithioborate may be that of the corresponding 
rubidium diborate group, consisting of the half of the borons is four-fold coordination 
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and half is trigonal coordination. The "B NMR spectrum of this phase in Fig. 37 
strongly shows N4 fraction is - 0.6, indicating that this phase is a mixed phase of 
three- and four-coordianted boron units, which follow the behavior of the alkali di borate 
structure. On the other hand, the NMR of the Li, Na and K dithioborate polycrystals 
have indicated that all borons were tetrahedrally coordinated. 
Thus, it is clear that the fraction of RbjS added KjS forms "Normal" tetrahedral 
sites as in the alkali borate glasses. The conversion rate of - 3 for the KjS + B2S3147] 
glasses suggested that the added sulfur is roughly equally divided between the normal 
site in which two trigonal boron units are converted to two tetrahedral boron sites per 
added KjS and a modified dithioborate unit in which all borons are four-coordinated. It 
is difficult to draw any conclusions about the behavior of rubidium dithioborate 
structure compared to those of sodium and potassium dithioborates. However, it seems 
to be related to the decreasing of conversion rate as the amount of alkali ion increases. 
In conclusion, the "B NMR spectra reported here have shown that rubidium 
thioborate glasses, like its oxide analog rubidium borate glasses, two systems share 
many structural similarities in terms of short range order (SRO). It should, however, be 
noted that the behavior of N4 in the RbjS -I- B2S3 glasses cannot be regarded as 
analogous to those of N4 in the MjS + BjSj glass systems (M = Na, K). The N4 data of 
the RbjS + B2S3 glasses indicate that two boron atoms are converted from three- to 
four-coordination similar to those observed in the Rb20 + B2O3 glasses. 
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Figure 37. ''B NMR spectrum of rubidium dithioborate polycrystal, Rb2S:2B2S3. 
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5.3.2. CSxS + B2S3 system 
has a spin 3/2 nucleus and thus it is subject to quadrupolar interactions. As 
seen in Fig. 38, the "B NMR spectra for the cesium thioborate glasses consist of two 
lines. The narrow central line at - 22.9 MHz arises from boron atoms in the sulfur 
tetrahedra (BS4 units). Boron atoms at the center of sulfur trigonal (BS3 units) yield two 
broad resonance line due to a larger interaction between the ^^B nuclear quadrupole 
moment (Q^) and the electric field gradients (EFG) present at the boron sites. The 
broad line responsible for trigonal borons appears alone in the pure V-B2S3 and has a 
line shape arising from a second order quadrupole perturbation of the m = 1/2 <-> m 
= -1/2 NMR transition. The narrow band at - 22.9 MHZ starts to form at x = 0.05 
and maximize at x = 0.35, where after its intensity diminishes out to x = 0.6 as 
shown in Fig. 39. In the high akali region, x > 0.5, another type of trigonal boron peak 
that is close to tetrahedral boron peak at - 22.9 MHz grows in intensity out to x = 
0.6, which is indicative of the formation of more symmetric trigonal boron units than 
trigonal units at - 22.85 MHz. 
On the other hand, the "B NMR spectra of the Na thioborate glasses [46, 47] 
have shown only two boron sites assigned to trigonal and tetrahedral borons in the high 
alkali glasses. However, the '^B NMR spectra of the Cs thioborate glasses shows at 
least two different trigonal boron sites as shown in Fig. 39. Therefore, it is proposed 
that the variation of the ri values, depending on an asymmetric charge distribution In 
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Figure 38. "B NMR spectra of xCSjS + (1-x)B2S3 glasses in the 0 <x < 0.3 region. 
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Figure 39. "B NMR spectra of xCSjS + d-xlBjSa glasses In the 0.35 < x < 0.6 region. 
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the xy-plane, would cause the different types of trigonal boron sites, which appears to 
be related to the alkali Ion present in the glass. 
N4 values for the binary cesium thioborate glasses are determined from the 
integration of a narrow line arised from tetrahedral borons and show in Fig. 40. In the 
low alkali region, the experimental values of N4 fall on a straight line of = x/(1-x) 
whose slope is one half of the conversion rate of BS3 unit to BS4 unit due to sulfur 
introduced as CSjS. Each sulfur added as CSjS is capable of converting two boron 
atoms from BS3 to BS4 units and can be written as Eq. (5.3.1). 
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Figure 4-0. N4 fraction vs. xCSjX (X = 0, S). 
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Figure 41 sliows a plot of N4 vs. x/(1-x) for the CsjS + B2S3 glasses. Fitting 
data to x/(1-x) reveals three different boron conversion rates. The value of a in the 0 < 
X 0.2 region is 2. in the 0.20 ^ x ^ 0.35 region, a is just below 2 and then drops 
sharply to -1.3, as the CSjS content increase further at x = 0.35. This behavior 
indicates that in the glass containing less than ~ xCSjS = 0.2, sulfurs introduced as 
CSjS is used predominately for BS4 formation, but as the CSjS increases further, sulfurs 
introduced as CSjS do not convert BS3 units to BS4 units at the maximum conversion 
rate and the part of CSjS is employed for the formation of trigonal borons with 
non-bridging sulfurs (BSg and BSj^ ). 
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Figure 41. N4 vs. x/(1-x) for CSzS + B2S3 glasses. 
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The slow conversion rate in the 0.25 < x ^ 0.35 region is associated with the 
formation of trigonal borons with a non-bridging sulfur. That is, a portion of the sulfurs 
added to these glasses creates non-bridging sulfurs on BSj units rather than forming 
BS4 units. Further addition of CS2S out to x = 0,6 causes N4 to decrease to glass 
forming limit, x = 0.6. 
A comparison of N4 fractions for the alkali thioborate glasses indicates a very 
strong cation dependence present in the glass unlike the alkali borate glasses. As Fig. 
42 shows, in the sodium thioborate glasses, 6 to 8 tetrahedrai borons are formed per 
added NajS, while 3 and 2.5 tetrahedrai borons are formed in the potassium and 
rubidium thioborate glasses, respectively. Similar to behavior of the alkali borate 
glasses and Rb thioborate glasses, the conversion rate of the Cs thioborate glasses 
follows - 2. It is interesting note that for the cesium thioborate glasses, N4 fraction 
decreases sharply out to a glass forming limit, x = 0.6 after showing a maximum at x 
= 0.35. Compared to other alkali thioborate glasses, such a trend is due to the rapid 
conversion rate of tetrahedrai borons to trigonal borons with non-bridging sulfurs. 
The "B NMR spectrum of the Rb dithioborate polycrystal have indicated that 
this phase consistes of approximately an equal fraction of tetrahedrai borons and 
trigonal boron which is analogous to that observed in the alkali diborate polycrystals. 
Similarly, the "8 NMR spectrum of Cs dithioborate polycrystal in Fig. 43 exhibits a 
narrow line and broad lines, indicating that BS4 and BS3 units are present. 
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Figure 42. N4 vs. xMjS (M = Na, K, Rb and Cs). 
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Figure 43. "B NMR spectrum of cesium dithioborate polycrystal, 0528:28283. 
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The fraction N4 indicates that the ratio of BS4 to BS3 units is -1/2 and is the 
lower value that is observed for Rb polycrystalline phase in which boron and sulfur 
configuration has been proposed to be shown in Fig. 44. 
However, the "B NMR of the Na and K dithioborate polycrystals [46, 47] have 
shown that the fraction of tetrahedral borons is unity. A structure difference between 
the Na, K dithioborates and the Rb, Cs dithioborates associated with the fact that the 
conversion rate of the former phases is large enough to form unity fraction of 
tetrahedral borons, whereas that of the latter phases follows the normal borate 
behavior and thus a half of borons is four-coordinated and a half of borons is 
three-coordinated. 
s 
Figure 44. Structure of cesium dithioborate polycrystal. 
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5.4. IR spectroscopy 
By comparing the IR spectra of glasses to those of the borate and thioborate 
compounds whose crystal structures are known, it is possible to obtain information on 
the presence of certain structural units in the glasses. This deduction is based on the 
assumption that structural units or groups are present in melts and glasses that 
resemble the units or groups in the comparable compounds. It should be emphasized 
that the polymerization process does impart significant changes in the spectra, thus 
additional absorption bands may arise. Even though many of the bands seem to remain 
approximately unchanged in frequency, they may change in relative intensity. These 
changes in going from the isolated anionic groups to the glassy network may be due to 
the actual changes in the fine details of the group structures or to the increased 
coupling of group vibrations with the surrounding structure of the glass. 
5.4.1. LljM + B2M3 (M = 0, S) systems 
5.4.1.1. IR spectra of the polycrystalline lithium borate and thioborate 
compounds 
The IR spectra of polycrystalline LiBOjand LigBOa compounds show very strong 
peaks at ~ 1440 cm \ 1140 cm ' and 1260 cm \ respectively in Fig. 45. The IR 
spectra of lithium thioborate polycrystalline compounds is shown in Figs. 46-49. The 
dithioborate phase (c-Li2S;2B2S3) is characterized by strong intensity band at - 680-
780 cm"'. At the metathioborate phase, x = 0.5, all spectral bands at ~ 680 - 780 
cm"' maintain relatively high intensity and finally the orthothioborate composition, x 
= 0.75 shows a very symmetric band at ~ 850 cm '. 
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Figure 45. IR spectra of KBr pellets of c-LijOiBzOa and c-SLijOiBjOa. 
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Figure 46. IR spectra of KBr pellets of c-M2S:2B2S3 (M = Li and Na). 
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Figure 47. IR spectra of KBr pellets of c-MjSiBzSadVI = Li and Na). 
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Figure 48. IR spectra of KBr pellets of c-2M2S:B2S3 (M = Li and Na). 
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Figure 49. IR spectra of KBr pellets of c-3M2S:B2S3 (M = Li and Na). 
71 
It is known that the c-Li20:2B203 [60-64] phase is composed of diborate group 
and at this composition, the six-membered ring groups are totally disrupted by this 
composition by the formation of four-coordinated boron units. For this phase, half of 
the boron atoms resides in BO4 units. We have previously analyzed the IR spectra 
[14,15] and "B NMR [46, 47] of Na2S;2B2S3 polycrystal and have proposed that this 
phase contains only four-coordinated boron units. The IR spectrum of 0-1128:26283 is 
quite similar to the corresponding spectra of sodium as shown in Fig.46. The bands at 
- 680 cm"' - 780 cm'^ have been attributed to the tetrahedral boron units. Therefore, 
we propose, in contrast to the behavior in c-Li20:2B203, that the structure of 
0-1128:26283 is comprised of only tetrahedral boron units. 
In c-LieOj, Kamitsos and Chryssikos [60] and 8tevels et al. [30] have shown 
that the -602'^ repeat unit orders into long chain structures rather than into rings as 
does c-NaeOj. Recently Zum Rebel and Krebs et al. [65] have reported that structure 
of c-LieSj contains a well-defined polymeric thioborate network of B,o8,8®' units 
consisting of solely adamantoid tetrahedral groups. Likewise, our IR observations of 
c-LiB82 suggest that the structure of this phase is in complete contrast to c-Li602. 
Figure 47 shows the IR spectra of c-Li6S2 shows two strong bands at - 780 cm"^ and 
680 cm'\ which are very characteristic vibration of B84 units. The spectrum of c-LiB82 
exhibits pronounced differences compared with that of the c-NaBS2. As shown in Fig. 
47, Chopin et al. [66] and Cho et al. [14, 15, 67] shows that the c-NaBSj structure is 
in analogy to that of c-NaB02, that six-membered thioboroxyl ring groups give rise to 
strong vibration in the range - 900 cm \ The IR spectrum of the c-NaB82 polycrystal 
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suggests that this phase is consisted of ring-type metaborate units which are 
structurally identical to those in c-NaBOj. In lithium system, such on-to-one structural 
similarity does not exist between c-LiBSj and c-LiBOj-
It has been shown that c-2Li20:B203 [60, 62] exhibits strong absorption bands 
from the pyroborate 6204®' at - 1100 cm"' and - 1400 cm ', respectively. We have 
already shown that IR spectra of different compounds have their characteristic 
vibration regions. c-NajSiBjSs polycrystal, which consistes of BaSg^' give very strong IR 
absorption at - 900 cm'\ In the case of c-3Na2S:B2S3, the BSg^' units give rise to very 
strong IR absorption at - 800 cm"\ Thus, if 0-21128:6253 phase forms the 
pyrothioborate structure, the IR spectra will show its characteristic vibration like other 
polycrystals as discussed above. As Fig. 48 shows, the IR spectra of the 2M2S:B2S3 
polycrystals (M = Li and Na) consists of two band envelopes, one at ~ 880 cm"' 
assigned to metathioborate groups and one centered at - 800 cm ' ascribed to 
orthothioborate groups. Obviously, these results show unambiguous evidence that the 
pyrothioborate group does not form. 
In the IR spectrum of 0-113603, the high intensity band at - 1260 cm ' is 
attributed the vibration of BOj^" units as shown Fig. 45. In a similar fashion, the IR 
spectrum of c-LijBSs shows that the vibration of the isolated 683^' trigonal group lies at 
800 cm ' in Fig. 49. Therefore, the structure of 0-113683 is similar to that of c-LiaBOj 
and consisted of isolated trigonal anions. 
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5.4.1.2. IR spectra of the lithium borate and thioborate glasses 
The most dominant feature of adding LijO to BjOj is the growing in intensity of 
multiple bands in the 800 -1200 cm'^ region as seen Figs. 50 and 51. This envelope 
exhibits a maximum relative intensity ~ x = 0.44 and then it decreases upon further 
increasing x. The band - 1300 cm"' at x = 0.33 shifts to a lower wavenumber up to x 
= 0.72 and eventually disappears. A new band ~ 1230 cm"' appears in the spectrum 
of the X = 0.44 and becomes a dominant feature upon further increasing xLijO. 
In the pure v-BjOg [60-63], it has been reported that there are two modes that 
lie at - 1270 cm"\ arising from the boroxyl ring groups and a band - 725 cm"' arising 
from the bending mode of B-O-B. With the addition of LijO, the envelopes at - 1400 
cm"' associated with the trigonal boron units increase in intensity. In contrast to this 
behavior, the band mode of the boroxyl ring groups goes to zero in intensity at x = 
0.33. The absorption band at ~ 1000 cm ' assigned to the tetrahedral borons grows in 
intensity and maximizes at x = 0.44. At x = 0.5, Fig. 50 shows that the band mode 
assigned to the metaborate chain groups occurs at ~ 1230 cm"' and correspond to a 
characteristic feature of the IR spectrum of crystalline Li20:B203, which is known to 
consist of metaborate chains as shown Fig. 45. Kamitsos et al. [60-63] have reported 
that the IR absorption band at ~ 1400 cm"' and -1100 cm"' is the result of the 
metaborate and pyroborate group vibrations, respectively. Similarly, the - 1100 cm ' 
band developing at the high frequency side of the BO4" absorption envelope and 
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Figure 50. IR spectra of thin film glasses XU2O + (l-xlBzOs glasses in the 0.33 < x < 
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Figure 51. IR spectra of KBr pellets of xLi20 + (l-xIBjOa glasses in the x 
0.72 region. 
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the band at - 1400 cm"' indicates the formation of pyroborate units due to the 
vibrations of units and chain-type metaborate units, respectively, in the 0.62 < x 
^ 0.72 region. 
The IR spectrum of c-SLijOtBjOa gives rise to its strongest band at - 1260 cm ' 
as a results of the infrared active vibration of BOj^' units. Thus, the borate glass 
network of x = 0.72 consists of mainly orthoborate units and a minor concentration 
of the pyroborate phase and the metaborate groups. The band at ~ 700 cm"' 
increases in both intensity and frequency with x. The IR spectra of the lithium borate 
glasses at the high alkali show bands in this region at - 700 cm ', which may be 
ascribed to the bending modes of the BjO/' groups , BOg^" groups and the chain-type 
metaborate groups. In the high alkali glasses. The subsequent destruction of the BO4 
tetrahedral units is accompanied by the creation of the orthoborate group, the group 
and the metaborate group. 
Due to the limit of glass forming region in the xLizS + (l-xIBjSs, 0.48 < x £ 
0.75, we cannot perform continuous IR spectral study in the low alkali region x < 
0.48. To reduce glass forming gaps, AI2S3 was added to binary LizS + BjSj system to 
develop accurate structure relationships between lithium borates and lithium 
thioborates. Even though the IR spectra of ternary yAljSa + (l-yjlxLizS + (l-xjBjSal 
system show a decrease intensity of some features, it is possible to evaluate 
structural studies between these systems. The effect of AI2O3 on borate glasses have 
been studied by Stevels et al. [211. The addition of AI2O3 to binary borate glasses 
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causes a decrease in the modification of borate structure since AIO4 groups are formed 
at the expense of metaborate ring groups. 
Figures 52 and 53 show that the IR spectra of pseudobinary and binary 
thioborate glasses. As LijS is added to B2S3, the band modes at - 680 - 780 cm ' grow 
steadily in intensity as the LijS fractions increase. The band at ~ 900 cm' and in the 
region 680 - 780 cm*' decreases and diminishes at x = 0.75. At x ^ 0.5, a new band 
develop at ~ 800 cm ' which is quite well resolved at x = 0.55 and becomes dominant 
at X = 0.75. 
In the lithium thioborate glasses, the bands developing at ~ 680 - 780 cm ' are 
associated with the vibration of tetrahedral boron units. The band at - 900 cm"' has 
been attributed to six-membered ring groups and the band - 800 cm"' is attributed to 
the isolated trigonal units, x = 0.25 as shown in Fig. 52 exhibits a mode at "1000 
cm"' which shifts downward in frequency with added LizS, where after it decreases 
sharply at x = 0.35 to - 950 cm'. Above x = 0.30, the metathioborate thioboroxyl 
ring groups at - 900 cm"' begins to increase in intensity, but it appears to reach zero at 
high alkali glasses. The band feature at - 900 cm ' has been shown by our previous 
c-NaBSj to be associated with the hexagonal thioboroxyl ring groups with terminal 
lithium ions in Fig. 47. Figure 53 shows that the intensity of the tetrahedral boron band 
centered at - 700 cm"' decreases sharply as x increases from x = 0.45 to 0.75 and 
the strong Intense band at ~ 800 cm ' is responsible for the vibration of the 
orthothioborate groups (883^ ). 
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Figure 52. IR spectra of KBr pellets of yAljSj + (l-yjlxLijS + (l-xjAljSal glasses. 
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Figure 53. IR spectra of KBr pellets of xLijS + (l-xlBjSa glasses. 
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Such behavior parallels the observed the analogous lithium borate glasses. While 
the IR spectra of the LijO + B2O3 glasses favor the decreasing concentration of the 
tetrahedral borons in the 0.33 <x ^ 0.55 region, those of the lithium thioborate glasses 
are dominated by the higher concentration of the tetrahedral borons at the same 
composition region. Nonetheless, the fractions of the BM4 and (M = O and S) 
units decrease to zero at the glass forming limit, while SMg^' phase increases to unity at 
the glass forming limit. 
5.4.2. K2S + B2S3 system 
5.4.2.1. IR spectra of polycrystalline compounds 
The IR spectra of the x = 0.33, 0.5, 0.66 and 0.75 polycrystals show 
significant changes with increase in the KjS content as shown in Figs. 54-57. Figure 
54 shows that the IR spectra of c-M2S:2B2S3 (M = Li and Na) and c-K2S:2B2S3 are 
nearly identical except that the low frequency mode - 670 cm'^ is a well defined 
doublet in the spectrum of Na2S:2B2S3 and is a single peak with a small shoulder in the 
spectra of the M2S;2B2S3 (M = K and Li) phases. We have previously analyzed the 
spectra of the polycrystals M2S:2B2S3 for M = Li and Na and have proposed that 
these phases contain only four-coordinated boron units [12, 15, 46]. The spectra of 
these compounds [15, 46] are quite similar to the corresponding spectra of the 
potassium polycrystal and therefore we propose that, based on these similarities, 
these three series of compounds have similar structures, i.e. those based solely on 
tetrahedral boron groups. 
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Figure 54. IR spectra of KBr pellets of c-M2S:2B2S3 (M = Li, Na and K). 
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Figure 55. IR spectra of KBr pellets of c-MjSiBjSadVI - Na and K). 
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Figure 56. IR spectra of KBr pellets of c-2M2S:B2S3(M = Na and K). 
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Figure 57. IR spectra of KBr pellets of c-SMjSiBjSg (M = Li, Na and K). 
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The IR spectra of the polycrystal c-2M2S:B2S3 (M = Na and K), as shown in 
Fig. 56 consists of two band envelopes, one centered at 900 cm"' arising from the 
metathioborate phase (six-membered rings) and one centered at ~ 800 cm'^ arising 
from the orthothioborate phase (883^ ). 
The similarity between IR spectra of c-2K2S:B2S3 and c-2Na2S:B2S3 (Fig.56) 
suggests that the c-2K2S;B2S3 phase is also comprised of isolated orthothioborate 
groups and metathioborate groups. This behavior would be expected from a phase 
diagram where the compounds at the 1:1 (K2S:B2S3) and 3:1 (3K2S:B2S3)ratios form 
and none at the 2:1 ratio and suggests the lack of formation of 2K2S:B2S3 phase. 
The IR spectrum of the Na2S:B2S3 compound, which is known to contain BaSg^' 
ring-type metaborate units is shown in Fig. 55. The strongest band observed at - 870 
cm'^ was assigned by Chopin [66] to the metathioborate ring vibration. Thus, the same 
envelope in the spectrum of C-KBS2 (<28:6283) compound can be attributed to 
vibrations of ring-type metathioborate groups in analogy to the structure of C-KBO2 
ISO]. 
As seen in Fig. 55, the IR spectrum of C-K3B3S0 has a set of bands centered at 
- 900 cm'\ This feature is analogous to the weak ~ 900 cm"' band in the spectrum of 
the c-K2S;2B283 polycrystal, and we suggest that it shows that the c-K2S:2B283 phase 
is slightly contaminated with c-K28:B283. At the highest modification, x = 0.75, 
C-K3BS3, the band shown in Fig. 56 is centered at - 800 cm \ 
The IR spectra of c-Na3BS3, and U^BSg are shown in Fig. 57, and we have 
associated this vibration to those of the isolated BS^" trigonal groups. Comparison of 
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the IR spectra of the different alkali orthothioborate (SMjSiBjSa) phases indicates that 
the band centered at - 850 cm'^ in the lithium phase has shifted to - 800 cm ' in 
sodium phase, whereas no shift has been observed in the potassium phase at this 
composition. 
This small frequency shift presumably arises due to the smaller mass of Li 
compared to Na and K. The mass difference is not as great between Na and K. 
Therefore, the similarity between the IR spectra of C-M3BS3 (M = Li and Na) and 
c-KaBSs suggests that the C-K3BS3 phase is comprised of isolated orthothioborate 
groups. 
5.4.2.2. IR spectra of the glasses 
The band at ~ 680 cm ' has been shown by our previous work on the NajS + 
B2S3 system [13-15] to be associated with the presence of tetrahedral groups. The 
band at - 800 cm ' has been attributed to "loose" trigonal groups. The observation 
here that the glasses exhibit intense absorption bands at - 700 cm ' is due to the fact 
that the potassium glasses have an increasing fraction of tetrahedral borons with 
increasing KjS in Fig. 58. 
The IR spectra of c-K2S:B2S3 shows that its vibration frequency is centered at ~ 
900 cm"'. For the glasses, the spectrum of pure v-BjSj has a mode at - 1000 cm ' 
which shifts downward in frequency with added K2S. This shift results from severing 
the "outside" bridge bonds of six-membered ring group and their replacement by 
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ionic K"^ - S" non-bridging sulfur groups. What is significant is that the greatest change 
in the frequency occurs in the composition range, x = 0.2 to 0.25. 
As discussed above, it is also in this compositional range that the intensity of 
the bands due to tetrahedral borons also have their maximum intensities. This behavior 
indicates that in the low alkali region, the dominant new structural feature to grow in 
with added KjS is the tetrahedral boron group. This behavior is similar to that observed 
in the sodium thioborates and all the alkali borate glasses. 
At x - 0.30, the fraction of the tetrahedral borons maximizes and a new 
structural feature begins to grow in. The new structural unit to arise in these glasses 
with a decreasing fraction of tetrahedral borons is the metathioborate six-membered 
ring group, BaSg^'. This structural unit appears to grow at the expense of isolated 
three-coordinated boron groups since the intensity of the - 800 cm"' mode, that due to 
isolated three-coordinated borons, decreases after the tetrahedral boron group 
maximizes. Interesting, however, is the fact that the metathioborate ring group mode 
occurs at ~ 930 cm ' and that v-BjSj has a mode at - 1000 cm"' as shown in Fig. 
(58). For this reason, we believe this mode at - 1000 cm ' implies that v-BjSj itself 
contains a large fraction of six-membered rings. We propose therefore that the band at 
"1000 cm"' in pure V-B2S3 is associated with thioboroxyl rings. As K2S is added to 
B2S3, tetrahedral boron groups form at the expense of the trigonal boron groups. This 
behavior is proposed because the intensity of the trigonal group decreases in relation to 
that of the six-membered ring group. After the maximum in the formation tetrahedral 
borons, x = 0.30 to 0.35, the added K2S causes the creation of six-membered 
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thioboroxyl rings with external non-bridging sulfur groups, again at the expense of 
trigonal boron groups. Figure 59 shows the three important spectral features plotted 
against the fraction of KjS in the glasses. As discussed above, the frequency of the 
1000 cm'^ band is approximately constant up to x = 0.25, whereafter it decreases 
at x = 0.30 to ~ 930 cm'\ From x = 0.30 to x = 0.45, the frequency of this mode is 
again constant. We associate this behavior with the fact that below x = 0.25, the 
thioboroxyl ring mode is relatively unaffected by the addition of K2S. Above = 0.25, 
however, the decreasing fraction of tetrahedral borons, but the still increasing fraction 
of KjS necessarily creates terminal non-bridging sulfurs, which we assign to those on 
the metathioborate thioboroxyl ring group. 
Simultaneous to the decrease in the frequency of the thioboroxyl ring mode from 
1000 cm' to 876 cm', the area of the peak associated with tetrahedral borons 
maximizes at ~ x = 0.30. We ascribe this to the now decreasing fraction of tetrahedral 
borons in the glass. In a similar fashion, the frequency of the isolated trigonal boron 
group remains constant below x = 0.25, but above x = 0.30, it has increased to -
830 cm"' in agreement with trigonal boron groups possessing non-bridging sulfurs. 
The IR spectrum of c-K2S:B2S3 (x = 0.5) as shown in Fig. 55 has been resolved 
and is found to agree with that predicted [66] by hexagonal ring structure with 
terminal potassiums. The glass at this composition, x = 0.50 has a much richer IR 
spectra, however. The systematic decrease of the - 700 cm ' band for x > 0.30 
points to the progressive destruction of BS4 group at the higher KjS contents (x > 
0.30). For the x = 0.50 glass, the spectrum contains a weak absorption at ~ 800 cm"' 
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and - 700 cm \ We conclude that this glass contains mostly metathioborate ring 
groups (- 900 cm"') and a small number of non-bridging sulfurs in the form of trigonal 
BS3®" groups and tetrahedral boron units as indicated by the peaks at ~ 800 cm ' and ~ 
700 cm ', respectively. The glass formation in this composition region not only involves 
the randomization of the connections between the structural units composing the 
crystal, but also is associated with the formation of structural groups in the liquid 
which are not the thermodynamically stable phases. 
The relative intensity of the metathioborate ring mode for the glasses with x = 
0.60 is higher than those for bands at - 800 and 700 cm ', respectively, due to the 
near metathioborate composition (x = 0.50) as shown in Fig, 60. As x increases out to 
0.75, the relative intensities of metathioborate ring groups and tetrahedral boron units 
at ~ 900 cm"' and - 700 cm"', respectively, decrease relative to the more dominant ~ 
800 cm ' band which arises from the isolated trigonal boron unit. Similar to the sodium 
thioborate glasses [12, 14, 15], the band at - 700 cm ' gradually decreases in intensity 
until it vanishes at x = 0.75. It is observed that at x = 0.75, the band at - 700 cm"' 
has completely disappeared, hence there are no tetrahedral boron units left in the glass 
network and a relatively small intensity at - 900 cm"' assigned to a small fraction of 
metathioborate ring groups. 
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5.4.3. RbzS + B2S3 system 
The IR spectra of the sodium and potassium thioborate glasses [12, 15, 68, 69] 
have demonstrated the monotonic increase in the number of BS4' units with increasing 
alkali sulfide content in the composition region 0 to 30 mole% alkali sulfide. In the 
same composition region, six-membered ring groups appear to remain unaffected while 
the isolated BS3 groups decrease in fraction and for this reason, are thought to be 
responsible for the formation of tetrahedral borons. From 35 to 45 mole% K2S, the 
formation of metathioborate groups is apparent. Thus, the strongest band at " 900 
cm"' was assigned to the ring breathing mode of metathioborate groups. This is 
analogous to the " 900 cm"' band of 50 mole% NajS and KjS polycrystal compounds 
assigned to the metathioborate ring vibration. For the high alkali content thioborate 
glasses [14, 151, the IR spectra of the Na and K thioborate glasses exhibit decreasing 
fractions of tetrahedral borons and metathioborate groups with the preferential 
formation of orthothioborate groups. 
5.4.3.1. IR spectra of the poiycrystalline compounds 
The IR spectra of the x = 0.33 (C-M2B4S7) ( M = Li, Na, K and Rb) polycrystals 
are shown in Fig. 61. We have already shown that the bands at - 600 - 750 cm'^ are 
assigned to the mode of four coordinated boron units. Unlike the IR spectra of Li, Na 
and K phases, however, the IR spectrum of the RbjSiZBjSg phase also shows strong 
absorption at ~ 925 cm"'. It was believed that this mode was attributed to an impurity 
arising from a metathioborate (x = 0.50) phase. However, careful attention was paid 
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to the preparation of this rubidium dithioborate phase and it is now belived that this 
mode is associated with the trigonal boron units in the dithioborate phase. It is 
significant to note that the alkali diborate group possesses equal numbers of trigonal 
and tetrahedral borons as seen from the IR spectra [20, 70]. Our recent NMR 
studies [13] of the rubidium thioborate glasses ands dithiobo'ate polycrystal (x = 
0.33) also show evidence for both three and four coordinated borons in the dithioborate 
phase. We therefore believe that unlike the phases for the other lighter alkali 
dithioborates, the rubidium dithioborate phase is comprised of both tetrahedral and 
trigonal sites. This behavior could indicate a smaller tetrahedral boron conversion rate 
for the Rb thioborate glasses compared to that for Na and K glasses since the Rb phase 
exhibits both trigonal and tetrahedral borons whereas the Na and K phase is comprised 
of solely of tetrahedral borons. 
As seen in Fig. 62, the IR spectra of the x =0.50 (c-MBSz) (M = Na, K) phases 
a r e  similar to that of c-RbzS.'BjSj and all exhibit a strong band at ~ 900 cmThis band 
is assigned by Chopin et al. [66], Martin et al. [12-15] and Krebs et al. [71, 72] to 
the metathioborate ring vibration based upon the IR spectra of Na and K polycrystalline 
metathioborates. A minor impurity band arising from residual tetrahedral borons in the 
phase (~ 1-5%) is also observed at - 700 cm"'. At this compound x = 0.50, we 
believe the dominant structure to be that of the metathioborate ring groups. 
For the x = 0.75 (c-RbaBSg) orthothioborate phase, a strong band is centered 
at ~ 800 cm"' shown in Fig. 63, and shows a similarity with those of the Li, Na and K 
phases. This mode at ~ 800 cm ' is assigned to the orthothioborate (BSj^ ) group. 
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Figure 63. IR spectra of KBr pellets of C-M3BS3 (M = Li, Na, K and Rb). 
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5.4.3.2. IR spectra of the glasses 
The IR spectrum of pure v-BjSa is dominated by two peaks at - 1000 cm"' and ~ 
800 cm \ as shown in Fig. 64. The absorption bands at - 1000 cm"^ and ~ 800 cm ' 
appear in the characteristic frequency region for six-membered ring groups and 
three-coordinated boron units, respectively. With increasing amounts of RbjS, a band at 
~ 680 cm"' grows into a strong band envelope at x = 0.30. After which it decreases, 
and is accompanied by the decreasing intensity of the band mode at - 800 cm"'. At 
the same time, the band at - 1000 cm ' increases in intensity and shifts to lower 
wavenumbers by the addition of RbjS up to x = 0.40. Such affects are related to the 
severing process of six-membered ring groups connected to three-coordinated boron 
units, resulting in the formation of non-bridging sulfurs on the six-membered ring group, 
- S" - Rb"^. The new band at - 680 cm"' is assigned to the vibration of tetrahedral 
boron units and a similar behavior is observed in sodium and potassium thioborate 
glasses [15, 69]. Above x = 0. 25, the new band at ~ 950 cm"' is associated with the 
formation of metathioborate groups with a decreasing fraction of tetrahedral boron 
units and isolated trigonal boron units. At x = 0.40, the IR spectra show the dominant 
vibration mode at - 900 cm"' responsible for metathioborate groups. 
Due to the glass forming gap between 0.40 < x < 0.60, the IR spectrum of the 
glass at X = 0,60 appears more complex as seen in Fig. 64. IR spectra of Li and Na 
thioborate glasses 115, 69], where x ^ 0.55, have shown that metathioborate groups 
at ~ 900 cm"' and tetrahedral boron groups at - 700 cm"' decrease rapidly in intensity 
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beyond 55 mole% and a strong band centered at - 800 cm ' which is ascribed to 
orthothioborate group vibration becomes the dominant mode at x = 0.75. Structural 
studies of ali<ali borate glasses [73-75] at x = 0.75 also have indicated that these 
glasses appear to contain solely the orthoborate unit. 
In contrast to the Li and Na thioborate glasses, however, as the fraction of RbjS 
increases beyond x = 0.60, the fraction of metathioborate and tetrahedral boron 
groups appear not to go to zero at x = 0.75. Figure 65 shows the IR spectra for the 
high alkali glasses. For x = 0.60, the spectrum shows three bands. The band at -
1000 cm"' for B2S3 (neutral six-membered rings) has shifted over to - 900 cm"' 
(charged BaSg^" rings). The band at - 800 cm"' (isolated trigonal borons) for B2S3 and 
the bands at - 700 cm"' (tetrahedral borons) do not shift in frequency. At the 
orthothioborate composition, x = 0.75, Fig. 66 shows three strong bands at - 900 
cm"', - 800 cm"' and ~ 680 cm"' and suggests that three phases metathioborate, 
orthothioborate and tetrahedral boron units are present even at the stoichiometric 
RbaBSa composition. Such behavior is not observed in the other alkali thioborate 
glasses. Even though the glass forming gap exists, the IR spectra of the sodium 
thioborate glasses [151 have also shown that orthothioborate groups increase in 
intensity at the expense of metathioborate and tetrahedral boron groups in this same 
composition region. However, analogous to the behavior of the rubidium thioborate 
glasses, studies of the rubidium borate glasses [73-751 have shown that Rb ions do not 
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seem to favor the complete formation of orthoborate units, which are the dominant 
structures in the corresponding Li, and Na borate glasses. 
This behavior indicates that the isolated 683^' units are stable in the melts of Li, 
Na and K orthothioborate glasses, whereas these units seem to be unstable In the Rb 
orthothioborate melt and instead a stable mixed phase with metathioborate groups and 
tetrahedral boron units is formed. Similar behavior appears to be the case of Rb 
orthoborate glass 173]. As a result, glass formation at x = 0.75 is associated with the 
low melting point of SRbjSrBjSs composition as well as the existence of other 
structural groups present in the melt. 
Figure 67 shows the positions of the thioboroxyl ring and trigonal born modes 
as a function of the fraction of RbjS. The position of the 1000 cm'^ band remains 
constant up to x - 0.20, whereafter it decreases sharply beyond x = 0.25. In the 
regions x = 0.25 to 0.40, the intensity of the thioboroxyl ring mode remains relatively 
unaffected by the addition of RbjS, whereafter this mode now ascribed to the 
metathioborate ring group (BaSg^) decreases out to x = 0.75. In addition to the 
decreasing frequency of the thioboroxyl ring mode from ~ 1000 cm"^ to 949 cm ' at x 
= 0.30, the area of tetrahedral boron unit reaches a maximum at x = 0.30 and then 
decreases out to x = 0.75. This is associated with the decreasing tetrahedral boron 
units. In contrast to K thioborate glass [69], however, the area of tetrahedral boron unit 
mode does not decrease to zero. 
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5.4.4. CSjS + B2S3 system 
5.4.4.1. IR spectra of the polycrystalline compounds 
As seen in Fig. 68, the IR spectra of 0-17128:28283 (M = Li, Na, K, Rb and Cs) 
show the strong band at ~ 600 - 750 cm '. The IR spectra of the Cs dithioborate 
polycrystal show the increasing band modes at - 850 cm ' and - 950 cm"' compared 
to that of the Rb dithioborate polycrystal and does show only the intense band mode 
at - 650 cm ' as well, isolated trigonal boron units, respectively. Aslo, to be noticed is 
that the absorption band modes at - 600-750 cm ' become simple as the radius of the 
alkali cation is larger and shows only one band mode at - 600 cm"' in the IR 
spectrum of c-Cs28:2B283. At this point, however, such behavior is nor fully 
understood, it may be associated with the fact that a smaller conversion rate from 
trigonal borons to tetrahedral borons is observed as the size of the alkali ion increases. 
Namely, the conversion rate of tetrahedral borons is - 6 to 8 and - 3 per added sulfur 
ion for the Na and K thioborate glasses 146, 47], respectively, whereas it is 2.5 and 2 
for the Rb and Cs thioborate glasses, respectively [77, 78]. We have already reported 
that the bands at ~ 600 - 750 cm ' arise from the tetrahedral borons and the band 
modes at - 830 and - 950 cm"' arise from the metathioborate groups and In similar to 
structure of Rb dithioborate phase, the Cs phase shows a diborate-like structure in 
which it is comprised of tetrahedal borons and trigonal borons. 
From Fig. 69, the IR spectra of c-MjS.'BzSg (M = Na, K and Rb) phases contrast 
that of Cs phase. The Na, K and Rb shows a strong band envelope at - 900 cm"' 
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which is attributed to the metathioborate ring vibrations. Unliitely, the IR spectrum of 
the Cs phase shows rich phases, metathioborate ring groups (- 950 cm'^} and 
orthothioborate units {- 800 cm '). Much attention was given to prepare c-CszSiBjSs 
and the IR spectral results from both slowing cooling of the melts and solid state 
reaction of CsjS and as shown Fig. 69. It is therefore proposed that some 
fractions of the metathioborate phase (BsSg^) dissociates into the orthothioborate 
(BSa®) phase to form a stable mixed phase at a higher temperature. Unlike the 
structures of the analogy Cs borate polycrystal [74, 76] and Na, K and Rb polycrystals, 
the Cs metathioborate phase consists of mixed phases, the hexagonal metathioborate 
ring groups and orthothioborate groups. 
At x = 0.75, the IR spectrum of c-3Cs2S:B2S3 with those of c-SMjSrBjSg (M = 
Li, Na, K and Rb) shows a similarity in Fig. 70. A strong band at - 800 cm"' is 
attributed to the vibration of orthothioborate groups. 
5.4.4.2. IR spectra of glasses 
It has been resolved that the six-membered thioboroxyl ring groups and the 
isolated trigonal boron units gives rise to strong vibrations at - 800 and ~ 1000 cm"\ 
respectively. As seen in Fig. 71, the increase of the CsjS content causes dramatic 
spectral changes. A strong band at ~ 800 cm"' decreases in intensity up to x = 0.35, 
while a symmetric band mode at - 1000 cm ' shift to lower wavenumber region and 
decreases its intensity and minimizes at x = 0.3. Thereafter, the IR spectra show 
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formation of a new band at - 950 cm \ Also, the absorption band at - 650 cm"^ 
shows a monotonia increase up to x = 0.3 at the expense of the isolated trigonal 
boron units. In analogy to the behavior of the MjS + B2S3 glasses |M = Na, K and Rb), 
the dismantling of covalent thioboroxyl rings linked to the isolated trigonal borons into 
formation of ionic non-bridging sulfur units, - S" - Cs"^. 
Thus, the increasing band intensity of x = 0.3 at - 950 cm"' corresponds to 
the formation of the metathioborate groups. As seen in Fig. 72, the IR spectra in the 
0.40 < X < 0.60 region, shows that the absorption band of metathioborate group at -
950 cm"^ grows out to x = 0.5. Beyond x = 0.45, the absorption band at - 800 cm'^ 
increases in intensity and it is related to the formation of the orthothioborate groups 
(883^ ), which is accompanied by the diminishing intensity of tetrahedral borons at 
- 650 cm'\ 
The IR spectra of the K [69] thioborate glasses have already shown that the 
metathioborate groups and tetrahedral boron units decreases after x = 0.55 and the 
band attributed the orthothioborate groups begins to increase. Recently, we have found 
that the IR spectra of the Rb thioborate glasses are totally different from those of the 
Na and k thioborate glasses on the high alkali side. The Rb glasses are dominated by a 
large fraction of the metathioborate units in the high alkali glasses while the IMa and K 
glasses favor the formation of the orthothioborate groups over the metathioborate 
groups and the tetrahedral boron groups. 
As seen in Fig. 72, the IR spectra of the Cs thioborate glasses on the high alkali 
side resembles those of the K thioborate glasses [69] and the relative bands 
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intensities of the metathioborate groups and the tetrahedral borons at ~ 900 cm'^ and 
~ 650 cm \ respectively, decrease out to x =0.6 and instead, the envelope at ~ 800 
cm'^ assigned to orthothioborate groups exhibits a monotonic increase in intensity at 
the same composition range. Such effect also can be observed NIMR spectra of the 
K and Cs thioborate glasses [78, 86] and the fraction of tetrahedral boron units (NJ 
showing maximum at - 30-35 mole% is sharply reduced to a glass forming limit. 
Thus, the Na and K and Cs thioborate glasses seem to prefer the destruction of 
the covalent structural groups (tetrahedral borons and metathioborate groups), resulting 
in the formation of the highly ionic BSa^' units. In addition, the behavior of the resulting 
absorption curves of the trigonal borons in the "B NMR spectra of the Cs thioborate 
glasses [78] are quite similar to those of the K thioborate glasses at the high alkali and 
contrasts in the Rb thioborate glasses, in which the additional splitting absorption 
curves observed in the trigonal boron resonance spectra. 
In conclusion, the addition of CsjS to B2S3 glass network causes the monotonic 
increasing concentration of tetrahedral borons and destruction of isolated 
three-coordinated boron units. On the high alkali side, the glass network structure 
depolymerized upon the formation of the concentration of the metathioborate groups 
(BaSg® ) and the concomitant decreasing the orthothioborate groups (BS3®") and the 
tetrahedral boron units {BS4 ). 
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5.4.5. SrS + 6283 system 
Chopin et al. [52] reported the first x-ray studies of strontium metathioborate 
ploycrystal. They prepared the metathioborate (SrSiBjSa) polycrystal a solid state 
reaction of B2S3 and SrS powders In a graphite crucible at 600 to 770 "C and 
pyrothioborate polycrystal was obtained from sublimation of strontium metathioborate 
polycrystal at 560 "C. They did not determine the crystal structures and only reported 
the x-ray densities of this phase. 
Recently, Piittmann et al. [79] have followed up Chopin et al. [52] work on the 
x-ray crystallography studies of Sr metathioborate (SrS:B2S3) and orthothioborate 
(SSrSrBjSa) crystals. The proposed crystal structure of Sr metathioborate was 
described as corner- and edge-sharing tetrahedral boron unit linked to a six-membered 
ring and strained four-memberd ring. The calculated density of SrB2S4, 3.02 g/mL 
closely matches the density reported by Chopin et al. [52] which was 2.949 ± 0.08 
g/mL. They also reported that the structure of the orthothioborate phase is consisted of 
trigonal boron unit with terminal non-bridging sulfurs. In summary, little research has 
been performed on the structures of the alkaline earth thioborate glasses and only 
concentrated on the polycrystalline compounds. 
5.4.5.1. IR spectra of polycrystalline compounds 
Figure 73 shows that IR spectrum of c-SrS:2B2S3 shows band modes at ~ 789 
cm \ 753 cm ' and ~ 624 - 669 cm \ In the IR spectra of the alkali thioborate 
polycrystals [15, 67, 69, 80], the tetrahedral band mode lies at - 650 to 760 cm"' and 
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Figure 73. IR spectra of KBr pellets of c-SrS;2B2S3. 
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the isolated othothioborate band mode lies at - 790 to 850 cm"'. Also, the vibration of 
the metathioborate groups lies at - 900 cm"'. Likewise, the vibration bands of Sr 
dithioborate phase at - 624 to 753 cm'^ and ~ 789 cm ' can be assigned to the 
tetrahedral borons and the orthothioborate groups, respectively, and the band mode at 
- 900 cm ' is associated with the metathioborate groups. In contrast to this behavior, 
the "B NMR spectra, x-ray crystal structure of the Sr diborate crystal [81-86] have 
resolved that this phase only consists of tetrahedral boron units. 
As seen Fig. 74, the IR spectra of c-SrS:B2S3 and c-SrS:2B2S3 are nearly 
identical with respect to the band position and intensity and suggest that two phases 
have a quite similar structure. Similar behavior can be found the crystal structure of 
the lithium dithioborate and metathioborate polycrystals, which is all tetrahedrally 
coordinated. Hart et al. [84] and Block et al. [81, 82] have shown that the crystal 
structure of c-Sr0:B203 is in analogy to the that of c-LijOiBjOa, which consists of long 
chains of BO3 units rather than of 6300 rings as in the c-MBOj (M = Na, K and Rb) [65, 
67, 85]. Recently, Piittmann and Krebs [79] have solved the crystal structure of 
c-SrS:B2S3 and it is found that it is completely different those of C-MBS2 (M = Na, K 
and Rb) [71, 72] and c-Sr0:B203 [81-83]. They have suggested that the crystal 
structure of the c-SrB2S4 is consisted of BS4 tetrahedra interconnected to form twisted 
six-membered ring chains and the B2S2 four membered rings and that between the 
anion layer is linked by BS4 tetrahedra. The IR spectrum of c-SrB2S4, as shown in Fig. 
74, shows the four band modes at ~ 789 cm \ - 753 cm \ ~ 669 cm ' and - 624 cm"'. 
We have confirmed that the tetrahedral borons give rise to strong absorption at 
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Figure 74. IR spectra of KBr pellets of c-SrSiBjSa. 
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- 760 to ~ 600 cm ' and the orthothioborate group to strong absorption band at - 850 
to 790 cm"'. Therefore, the band mode at - 789 cm"' arises from the orthothioborate 
groups and the band modes at - 624 to 753 cm"' arise from BS^ tetrahedral borons, 
while it does not show the band modes of four-membered ring group. Actually, the 
crystal structure [79] of c-SrSiBjSa is solely consisted of the tetrahedral borons and 
does not show the orthothioborate groups. The vibration mode at ~ 800 cm ', therefore 
can be thought to be the impurity phase of the orthothioborate groups (- 9 wt%), 
which cannot be detected by x-ray diffraction and our x-ray diffraction data agree with 
that reported by Chopin et al. [52] as shown in Fig. 29 and Table 4. 
The IR spectrum of c-SSrSiBjSg ploycrysal shows the splitting of the bands at -
750 - 850 cm ' as shown Fig. 75. Piittmann and Krebs [79] have reported that this 
phase is comprised of the isolated orthothioborate units (BSj^). As seen Fig. 75, the 
asymmetric stretching mode vibration of BSg^" trigonal group lies at ~ 780 - 850 cm"' 
and shows the similarities with the IR spectra of the K and Rb orthothioborate 
polcrystals [67, 69]. Also, the weak absorption band (- 4 wt%) at - 900 cm ' arises 
from the metathioborate groups. 
5.4.5.2. IR spectra of glasses 
As seen in Fig. 76, the spectra exhibit the strong composition dependence and, 
as the amounts of SrS increase to the glass forming limit x = 0.7, the IR spectra 
simplify. At x = 0.33, there are three band modes, one at - 950 cm"', one at 
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Figure 75. IR spectra of KBr pellets of c-SSrSiBjSg. 
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Figure 76. IR spectra of KBr pellets of xSrS + (1-x)B2S3 glasses in the 0.33 < x < 0.7 
region. 
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- 900 cm"', the doublet centered at - 720 cm"'. As x increases toward x = 0.7, the 
band mode at 900 cm'^ diminishes in intensity as does the doublet bands centered at -
720 cm'\ This structural simplication in intensity parallels that found previously in 
iso-structral alkali thioborate glasses where it exhibited the dominant orthothioborate 
units in intensity. The IR spectrum of pure V-B2S3 shows the two intense band modes 
at - 1000 cm'^ and at - 800 cm \ As the amounts of the xMjS increase, the band at ~ 
800 cm ' responsible for the isolated trigonal boron unit shifted to higher wavenumber 
and near x = 0.45, there was a formation of orthothioborate groups. In the similar 
fashion, the band mode at - 1000 cm ' responsible for the six-membered ring groups 
decreases in wavenumber and above x = 0.35, the metathiborate group appeared to 
form and increased in intensity. Also, the progressive destruction of tetrahedral boron 
units were apparent beyond x ~ 0.3. 
The IR spectrum of x = 0.33 shows the much richer phases that are consistent 
with the presence of the metathioborate ring groups at - 950 cm ', isolated trigonal 
boron with terminal sulfur ions at - 850 cm ' and tetrahedral boron units at - 600 -
750 cm '. The band at ~ 800-850 cm ' grows with the SrS and maximizes at x = 0.7 
in intensity. In contrast to this behavior, the absorption bands at - 900 cm ' and 600 -
750 cm"' decreases from 0.33 to x = 0.7. This IR evolution is in well agreement with 
the found in alkali thioborate glasses [15, 67, 69]. In fact, as the MjS fractions 
increased toward the glass forming limit, the structure was depolymerized into highly 
ionic orthothioborate units (683^"). 
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5.4.6. BaS + B2S3 system 
5.4.6.1. IR spectra of polycrystalline compounds 
As seen in Fig. 77, the IR spectrum of c-BaS:2B2S3 polycrystal shows the 
intense bands at - 869 - 893 cm ', - 771 cm ' and - 619-613 cm '. The absorption 
bands at - 869 - 893 cm"' have been assigned to the vibration modes of the 
metathioborate groups and the bands at - 771 cm"' - 613 cm"' to the vibrations of 
tetrahedral boron units. In the crystal structure of the barium diborate phase 176], a 
half of the borons is in threefold coordination and a half is in fourfold coordination as in 
the alkali diborate structure. 
Unlikely, the IR spectrum of c-BaS:2B2S3 consists of mainly two absorption 
bands, one centered at - 890 cm ' arising from the metathioborate phase (6336^') and 
the other at - 619 - 771 cm' arising from the tetrahedral phase. The marked 
differences in the IR spectra of the Sr and Ba dithioborate polycrystals arise from 
differences in the short range order structure of two phases. In the spectrum of 
c-SrS:2B2S3, the orthothioborate and tetrahedral boron groups give rise to the 
absorption bands at - 789 cm"' and - 624 - 699 cm"', respectively. Likewise, the IR 
spectrum of c-BaS:B2S3 has shown that the metathioborate groups and tetrahedral 
boron group give rise to the absorption bands at - 869 cm"' and - 619-771 cm"', 
respectively. 
Figure 78 shows that the IR spectrum of c-BaSiB^Sg is identical to that of 
c-BaS:2B2S3 in terms of absorption bands positions and intensities assigned to the 
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Figure 77. IR spectra of KBr pellets of c-BaS:2B2S3. 
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Figure 78. IR spectra of KBr pellets of c-BaS.BzSa. 
125 
metathioborate groups and the tetrahedral boron units. Both these phases are 
dominated by the structure, which is consisted of the tetrahedral borons and the 
metathioborate groups. The x-ray diffraction data of this phase in Table 4 and Fig. 30 is 
well matched with those reported by Chopin et al. [521. In contrast, the structure of 
BaOiBjOj consists of soley metaborate ring groups in analogy to the behavior of the 
alkali thioborate systems. As seen in Fig. 79, the IR spectrum of c-SBaSiBjSj shows 
the split intense bands at - 800 cm'^ which are associated with othothioborate groups, 
BSa^' and is similar to that of c-3SrS:B2S3. 
5.4.6.2. IR spectra of the glasses 
The band at ~ 800 cm"' increases in intensity with x at the expense of the ~ 
900 cm'^ and - 650 cm ' bands as seen in Fig, 80. The band modes at - 900 cm ' and 
- 650 cm"' almost disappear at x = 0.65, a glass forming limit. The band at ~ 800 
cm"' which splits into two bands at x > 0.5 grows in intensity as the concentration of 
BaS increases. The band mode at ~ 800 cm ' well matches with the band at - 800 
cm"' of c-SBaSiBjSa and thus, this band is associated with the vibrations of 
orthothioborate groups. The band mode at ~ 650 and - 900 cm ' has been assigned to 
the metathioborate groups and tetrahedral borons, respectively. This behavior is shown 
to be consistent with that of the Sr thioborate glasses and the Li, Na and K thioborate 
glasses [15, 67, 691 in the high alkali glasses. 
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Figure 80. IR spectra of KBr pellets of xBaS + (1-x)B2S3 glasses in the 0.5 <x <0.65 
region. 
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5.5. Glass transition temperature 
It has been known the fact that the increasing Tgs of the alkali borate glasses 
are directly related to the increasing fraction of tetrahedral borons (NJ [31, 34, 291. 
The increasing in Tg which follow with increasing N4 fractions is a consequence of 
cross-linking of tetrahedral boron units. The conversion rate of these glasses have been 
shown that the x/(1-x) rule appears to be obeyed in these glasses and every added 
alkali modifier to borate glasses converts two three-coordinated borons to two 
four-coordinated borons in the low alkali regions [27, 28]. Recently, Shelby [31] have 
shown that the systematic decrease in Tg, as the size of cation increases, is 
associated with the increasing fraction of non-bridging oxygens in the same 
composition range. The decrease in Tg of the high alkali glasses is associated with the 
depolymerization of the glass network where the formation of non-bridging oxygens is 
the dominant structure unit. 
In contrast to the behavior of the alkali borate glasses [46, 47], the conversion 
rate in the Na and K thioborate glasses decreases sharply as the radius of the alkali ion 
becomes larger. That is, in the sodium thioborate glasses, the conversion rate from 
three to four coordination boron is - 6 to 8 per added NajS, while it was found - 3 per 
added K2S in the potassium thioborate glasses. We have noticed that the importance of 
these N4 fractions determining the Tg in the thioborate glasses and the Tgs for the 
potassium thioborate glasses have shown higher that those for the corresponding 
sodium thioborate glasses in low alkali glasses. On the other hand, we have proposed 
that the decrease in Tg arises from the unique structure arrangement in thioborate 
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glass network where sulfur ions do not permit interconnection of IRO structure. 
Considering this effect in the thioborate glasses, it has been observed that intermediate 
range order (IRO) may be degraded rather than enhanced and this IRO configuration is 
may differ from that found in the alkali borate glasses. While the IR spectra and 
density measurements for these glasses have indicated that the short range order in 
both the thioborates and borates are very similar. 
It has been shown that Tg in the NajO + B2O3 system increases with N4, the 
fraction of tetrahedral borons while Tg, quite unexpectedly, decreases with NajS in the 
NajS + B2S3 glasses, even though the IR and NMR spectra [15, 461 showed that N4 
fraction are found to increase with the addition of alkali modifier. It has been suggested 
the difference behavior in Tg between two glass systems presumably arises out of 
differences in the IRO since the IR and density suggests that SRO are similar in the two 
glasses. 
5.5.1. KjS + B2S3 glasses 
As shown in Figs. 81-83 and Table 5 for the KjS doped glasses, Tg decreases 
gradually from that of pure BjSg to out 25 mole% and then rises slightly with further 
K2S additions and decreases out to 75 mole%. Fig. 81 shows the composition 
dependence of the Tg in the xKjS + (l-xIBjSg glasses and compares it to that of the 
Tg behavior in the xKjO + (l-xlBzOa. The DSC scans made in the xKzS + (l-xjBzSg 
glasses for 0 ^ x ^ 0.45 are shown on Fig. 82 and for 0.55 ^ x ^ 0.75 are shown in 
Fig. 83. It appears, by contrast with the trend of observed in the Na and K thioborate 
glasses 146, 47], that Tg increases in the borate glasses. For the alkali borate 
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Figure 81. Tgs of KjS + B2S3 glasses in the 0 ^  x < 0.75 region. 
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Figure 82. DSC scans of KjS + glasses in the 0 ^  x £ 0.45 region. 
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Figure 83. DSC scans of KjS + B2S3 glasses in the 0.5 < x < 0.75 region. 
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Table 5. Tgs of the potassium thioborate glasses 
xKzS TgCC) (±1) xKjS TgCC) (±1) 
0 310 0.5 207 
0.05 297 0.6 205 
0.1 277 0.65 191 
0.15 264 0.7 187 
0.2 243 0.75 192 
0.25 230 
0.3 238 
0.35 245 
0.4 232 
0.45 214 
glasses, the tetrahedral borons and non-bridging oxygen units must manifest 
themselves structurally at longer ranges and therefore the Tg of the glasses cannot be 
accurately modeled without invoking IRO structural arguments. When a tetrahedral 
boron forms in the borate system, it does so in such a way that two trigonally 
coordinated boron units are connected by forming an oxygen bridge between them, 
thereby, polymerizing them together. This will certainly have a viscosity increasing 
effect upon the liquid and therefore Increase glass transition temperature. 
The "B NMR and IR spectra of the potassium thioborate glasses [47, 691 
strongly have supported that tetrahedral borons formed in these glasses as in the alkali 
borate glasses. The conversion rate in ail the alkali borate glasses has been shown by 
Bray et al. [28] to be the formation of two tetrahedral borons for every additional oxide 
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anion added to the borate glass. Contrasting this behavior, for the Na thioborate 
glasses, 6 to 8 tetrahedral borons are created for every added NaiS and for the K 
thioborate glasses, have found that 3 tetrahedral borons are created for every added 
KjS as shown in Fig.84. Such behavior implies that, although SRO of the alkali borate 
and thioborate glasses is quite similar, the IRO is likely to be different between these 
systems. 
We assume, if the decreasing of Tg in the Na thioborate glasses is responsible 
for the unusual higher fraction, then, the Tg in the K thioborate glasses would be 
higher those in the Na thioborate glasses or show the same manner in which the Tg 
increases in the oxide glasses. In fact. Fig.81 shows Tgs for the K thioborate glasses 
are higher those for the Na thioborate glasses in the region 0.1 ^ x ^ 0.3 and the Tg 
still decreases with addition of KjS, unlike oxide analogs. 
For the potassium thioborate glass, therefore, the decreasing Tg, even in the 
presence of a rapidly decreasing fraction of tetrahedral borons, is associated with the 
fact that the sulfur ion behaves the formation of locally tight-bonded structures that 
exhibit less long range network bonding than the alkali borate glasses. Such structural 
features beyond the short range order (SRO) could effect in the intermediate order 
(IRO). Then, it is clear that the IRO structure gives rise to the increasing Tg in the 
borates, such an ordering must not be occurring in the thioborate glasses and the 
progressive formation of locally strong-bonded structure that causes the overall long 
range network structure of the glass to be degraded rather than enhanced. 
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The upswings of the potassium thioborate glasses in Tg at x = 0. 3, 0,35 as 
shown in Fig. 81 can be associated with the decreasing conversion rate. In the region 
0.3 ^ X ^ 0.35, the conversion rate begins to decrease and trigonal borons with a 
non-bridging sulfur starts to form. Thus, the locally tight bond must be severing and the 
temporary arrangement of the IRO built up by this severing effect could entail the 
increasing Tg. This upswing is completely contrast to the behavior found in the oxide 
glasses. 
Due to the large gap in the glass forming range between 50 and 60 mole% KjS, 
the compositional trend of Tg cannot be followed in this region. However, once glasses 
can be formed again at 60 mole%, Tg decreases substantially with further additions of 
KjS and maintains higher Tgs than those in sodium thioborate glasses [85] and Tg does 
exhibit a modest increase at 75 mole%. We believe this behavior to be associated 
with the densification of the network structure. The IR spectra of the high alkali region 
have found to show a monotonic decrease in tetrahedral boron fraction and go to zero 
at the glass forming limit at x = 0.75. The creation of non-bridging sulfurs at the 
expense of tetrahedral boron units in the high alkali glasses is the predominant 
structural chemistry taking place. 
5.5.2. RbzS + B2S3 and CsjS + B2S3 glasses 
The DSC scans mode on the xMjS + (1-x)B2S3 (M = Rb and Cs) glasses are 
shown on Figs. 85-88. As can be seen in Figs, 85-89 and Tables 6 and 7, the behavior 
of Tgs is quite strong and, as added MjS to BjSj glass network, the Tgs decrease 
slowly. 
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Figure 85. DSC scans of RbjS + BjSj glasses in the 0.05 < x < 0.4 region. 
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Figure 86. DSC scans of RbzS + B2S3 glasses in the 0.6 < x < 0.75 region. 
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Figure 87. DSC scans of CSjS + B2S3 glasses in the 0.05 < x ^ 0.35 region. 
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Figure 88. DSC scans of CSjS + B2S3 glasses in the 0.4 < x ^ 0.6 region. 
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Figure 89. Tgs of MjS + B2S3 (M = Na, K, Rb and Cs) glasses. 
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Table 6. Tgs of xRbjS + (l-xjBjSg glasses. 
xRbjS Tg(»C) (±1) xRbjS TgCC) (±1) 
0 310 0.6 196 
0.05 271 0.65 194 
0.1 264 0.7 186 
0.15 269 0.75 216 
0.2 275 
0.25 271 
0.3 285 
0.35 263 
0.4 243 
Table 7. Tgs of xCSjS + (l-xlBjSa glasses. 
XCS2S TgCC) (±1) xCSjS TgCC) (±1) 
0 310 0.45 215 
0.05 289 0.5 198 
0.1 281 0.55 201 
0.15 288 0.6 195 
0.2 283 
0.25 288 
0.3 280 
0.35 259 
0.4 233 
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In contrast to that observed in the rubidium thioborate glasses, the Tgs in the 
cesium thioborate glasses decreases to 280°C at x =0.1 and flat out to 280°C at x = 
0.3. This decrease in Tg suggests that the structure configuration in the thioborate 
glasses gives rise to the decreasing Tg and takes account of structure-based factor, 
which must be different from those in the analogous borate glasses. In the cesium 
thioborate glasses, ,after this initial decrease in Tg, it levels off out to x = 0.25. After 
which, both the rubidium and cesium thioborate glasses rapidly decrease out to glass 
forming limit. 
We assume that, below Tg, where molecular rearrangements occur so 
infrequently that it can be considered as taking one at a time. As the temperature 
approaches Tg, the changes in atomic coordinates arising from rearrangement are 
localized in the following sense; as a result of the rearrangement, all the atomic 
coordinates in the glass will be changed into new equilibrium positions in the local 
region and more than one local structure arrangement will be occurring in different 
regions at the same time. This behavior bears that the local structure arrangements 
become large and thus entire structure ordering is unde." influence of such 
arrangements. Under these conditions, over any "cooperative" character of a local IRO 
arrangement, the topological connections of between this IRO and the manner in 
which the tetrahedral borons connected trough it impose a cooperative increasing 
character of Tg in this range. Therefore, It should be clear that the nature of Tg is such 
that it does make sense to speak of SRO concept as well as IRO concepts in the these 
glasses. 
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In the RbjS + B2S3 [77] and CSjS + B2S3 glasses [781, the N4 fractions follow 
the trends as in the analogy oxide glasses at a given composition and a conversion 
rate of just two tetrahedral borons per added alkali sulfide unit (x/(1-x) dependence). 
We have already proposed that decreasing fraction of tetrahedral borons attribute to 
the systematic increasing Tg as the alkali ion becomes larger, even though the sulfur 
ions in the thioborate network structure gives rise to overall decrease in Tg, which may 
prevent the improvement of the IRO structure from being interconnected by the SRO 
structure. 
As seen in Fig. 90, the conversion rates for the Rb and Cs thioborate glasses ~ 
2.5 and - 2, respectively and follows the x/{l-x) law in similar to found in the alkali 
borate glasses and two tetrahedral borons are created per every added sulfur ion. If this 
is the case, the values of Tgs for these systems will be higher than those for the Na 
and K thioborate glasses. Figure 89 shows the evidence that the modest decrease in 
Tg in both system and, after x = 0.3, the rapid decreasing Tg is associated with the 
increasing formation of non-bridging sulfur groups. 
The decreasing fraction of tetrahedral borons contributes to the increase in Tg 
as the radius of alkali ions increases. This behavior, surprisingly, contrasts that found in 
the alkali borate glasses, which Tg decreases in the order Na<K<Rb<Cs. The 
conclusion to be drawn from this behavior is that not only the SRO of these glasses is 
quite different but the IRO structure-building force with increasing radius of alkali ions 
must then become subservient to increase in Tg. 
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Figure 90. N4 fractions of MjS + B2S3 (M = Na, K, Rb and Cs) glasses. 
Such behavior indicates that the rapid decreasing Tg for the Na and K thioborate 
glasses associated with the fact that higher formation of dithioborate structure groups, 
viz, locally quite extensively bonded "molecular-like" structure. On the other hand, the 
trends in Tgs for the Rb and Cs thioborate glasses are related to the decreasing fraction 
of tetrahedral borons, although the glass network structure remains in a such way that 
the sulfur ions restricts the formation of the IRO structure units as observed in the 
sodium thioborate glasses. The decrease in Tg on the high alkali side can be easily 
explained in term of monotonic increase of such isolated ionic groups, metathioborate 
group and orthothioborate group. 
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5.6. Density analysis 
Structural models for the alkali thioborate glasses have been developed based 
upon the hypothesis that short range order (SRO) structures of the thioborate glasses 
are similar to those of corresponding borate glasses [1-9]. On the low alkali side, the 
increasing fraction of tetrahedral borons is a dominant structural feature and is 
concomitant with the destruction of trigonal borons. On the high alkali side, the 
decreasing fraction of tetrahedral borons accompanied by the increasing fraction of 
trigonal borons with non-bridging sulfurs is a dominant structural feature. 
The IR spectra of the high alkali thioborate glasses, x > 0.5 [15, 67, 69, 80] 
have indicates the strong dependence of alkali ion present. The Li, Na and K 
thioaborate glasses have shown that the fraction of the orthothioborate (BSj^) groups 
goes to unity at the glass forming limit, x = 0.75. Whereas, the IR spectra of the Rb 
thioborate glasses [16] have indicates that the fraction of tetrahedral borons and 
metathioborate group is still dominant over that of orthothioborate group. On the other 
hand, the trend of the IR spectra of the Cs thioborate glasses follows those of the K 
thioborate glasses, where the increasing fraction of the orthothioborate groups by 
consuming the metathioborate groups, BSj in this region. It is interesting that, even 
though the alkali pyroborate, 2M20:B203 (M = Li, Na and K), phase forms [62], the IR 
spectra of alkali thioborate polycrystals at the composition x = 0.66, 2M2S:B2S3 (M = 
Li, Na and K), shows that the pyrothioborate phase does not form [87, 88]. 
The structural model which has been developed from our IR and NMR studies of 
these glasses will be used to connect the density to the SRO groups found in the alkali 
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thioborate glasses to determine the molar volumes. This model makes use of 
spectroscopically determined fractions of the atomic structural groups in the glasses. 
5.6.1. NszS + B2S3 glasses 
5.6.1.1. A model for densities and correlation with structural groups 
It has been found that SRO groups in the alkali thioborate glasses are nearly 
identical to those found in the alkali borate glasses [21-311 as shown in Table 8. A 
model for glass density based on short range order (SRO) structural arrangements has 
been successfully used with the alkali borate glasses [35-371. This expression is based 
on the notions of Krogh-Moe [20, 631 in which the glass consists of a random 
assembly of SRO structure groups, which are chosen from corresponding crystalline 
configurations. The density of the glass, therefore, can be described as a composite of 
the SRO structural arrangements in a simple way. The relationship between density 
and glass structure is based on following equation: 
_ M(x) 
Y,fiVi V(x) 
where fj represents the fraction of borons in the ith structural unit, M-, is the mass of 
that unit and S/-, its molar volume. MM and \/(x) are the average molar mass and molar 
volume, respectively. The Mj and V)- is taken as compositionally independent and V, can 
be calculated from best-fitting of the density data. 
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Table 8. SRO groups, formulas, molar masses and volumes in the NajS + B2S3 
glasses. 
Group Name Formula Molar mass(g/mole) Molar Volume(mL/mole) 
1 83(0) BS,.5 58.9 34.65 
2 84 NaBSj 97.92 46.50 
3 83(1) NaBSj 97.92 54.50 
4 83(3) NagBSs 175.96 102.3 
NajS Na^S NajS 78.04 42.05 
Table 9 and Fig. 91 show the compositional dependence of the densities for 
xNajS + (l-xlBjSg glasses in the 0 < x ^ 0.8 ranges. The rapid decrease in density out 
to a glass forming limit, x = 0.8 after showing a maximum at x = 0.25 follows the 
behavior of N4 as seen in Fig. 92. 
Table 9. Densities of the sodium thioborate glasses. 
xNajS p(g/mL) i 0.02 xNajS p(g/mL) ±, 0.02 
0.0 1.7 0.55 1.83 
0.05 1.79 0.6 1.82 
0.1 1.90 0.65 1.75 
0.15 1.96 0.7 1.71 
0.2 1.99 0.75 1.72 
0.25 2.01 0.8 1.73 
0.3 2.03 
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The ^^6 NMR data [46] have shown that each added NajS creates 6 to 8 
tetrahedral borons from trigonal borons. Above x = 0.15, the boron conversion rate 
from trigonal to tetrahedral borons decreases sharply and does show - 0 of for every 
added NajS at the low alkali. At the high alkali, N4 decreases monotonically out to x = 
0.8, seen in Fig. 92. 
2.2 
# Experimental value 
Calculated value 
2.0 
1.8 
1.6 
1.0 0.4 0.6 0.8 0.0 0.2 
xNa2S 
Figure 91. Experimental (filled circules) and calculated (line) densities for xNajS + 
(1-x)62S3 glasses. 
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Figure 92. Experimental (filled circles) and calculated (line) and fractions of 
four-coordinated borons, N4, for xNajS + (l-xlBjSa glasses. 
5.6.1.2. Molar volumes of individual SRO groups 
Table 8 shows the individual value of V ,  and are used in this analysis to 
determine the density. For pure v-BjSj, the IR and "B NMR spectra [15, 46] show the 
fraction of B3(0) groups is unity and therefore Eq. (5.6.1) simplifies to: 
p(x = 0) 
and all ^ =0 except f ,  =  ' \ .  Eq. (5.6.2) produces V ,  = 34.65. 
(5.6.2) 
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For the low alkali glasses, 0 < x < 0.2, the "B NMR and IR spectra have been 
indicated that the tetrahedral boron group (B4) and neutral trigonal group (B3(1)) are 
only groups in this region. Therefore, Eq. (5.6.1) becomes: 
. _ U { x ) M y + f 2 { ? ( ) M 2  
fy(x)Vy+f2{x)V2 (5.6.3) 
where knowing V , ,  M j ,  M 2 ,  fi(x) and fi(x), f2(x) can be calculated in this region, and 
are known since = 1 - f2 and = N4. In this region, N4 follows the relation in Eq. 
(5.6.4): 
^^2 ^ (5.6.4) 
where a is the conversion rate. The N4 of the '^B NMR data [46] has shown that a = 
6 in this region. Using this value, Table 8 shows the best-fit value of calculated 
using Eq. (5.6.3). 
At X = 0.75, The IR spectrum of the sodium orthothioborate glass has been 
shown that this phase consists of solely orthothioborate groups (BSg^) the volume of 
orthothioborate group {V4) can be calculated directly by observing that: 
p(x = 0.75) = ^ (5.6.5) 
and yields V4 = 102.3 g/mL. 
Recently, Martin et al. [ 8 7 ]  has successfully shown that a linear relationship 
between the molar volume of B(1), B(2) and B3(3) groups and the number of 
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non-bridging sulfurs and thus, the molar volume of metathloborate group IV3) has 
determined by interpolating between the molar volumes of v-BjSa and v-NaaBSa [87]. 
Figure 93 shows that in the composition range, 0,25 ^ x ^ 0.5, only the 
B3(0), 84, and 83(1) groups exist. Although f,, and and M„ Mj, and are 
known, and = 0, the density data are only avaibale at limited composition region, x 
= 0.25, 0.3. For this reason, V^, the lone adjustable parameter, best-fit to the density 
data in this compositional range and yields a value of 54.5 mL/mole, as shown in 
Table 10. The best-fit value of V4 matches well that of reported by Martin et al. 
[801 and V,, V2 and V3 shape a moderate linear relationship as shown in Fig. 94. 
5.6.1.3. Composition dependence of the fractions of the individual SRO groups 
Although the complete structural model for the alkali thioborate glasses has not 
been known. The IR and NMR data of the alkali thioborate glasses [15, 46, 67, 69, 
77-80] provide a structural information of the SRO groups and the composition 
dependence of the f/'s can be calculated over the wide composition region. 
5.6.1.3.1. low alkali region (0 ^ x < 0.2) 
In this region, it has been proposed that the B3<0) and B4 groups exist in the 
glasses. The density then can be calculated in this composition region if a tetrahedral 
borons  a re  fo rmed fo r  every  Na jS  added  and  f ,  =  1  -  f z ,  f s  =  f 4  =  0 .  Us ing  o l  =  6 ,  f z  
is calculated from the "8 NMR data [46] using a best-fit method. 
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Figure 93. Composition dependence of the fractions of all SRO groups. 
5.6.1.3.2. Intermediate alkali region (0.2 3) 
In this region, B4 group stops forming and the first appsarance of the B3(1) 
group begins. It is proposed that f, goes to zero at the same rate as in the low alkali 
region and hence = 1 - 6x/(1-x). In this way f, goes to zero at x = 0.25. N4 = ^2 = 
O.lx + 0.7 is obtained by a best-fit straight line in this region as shown in Fig. 93. 
is calculated by noting that 
Z fi{x) = 1 '5.6.6) 
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Figure 94. Plot of the dependence of the molar volume of the B3(i) groups as a function 
of the number of non-bridging sulfurs (i). 
and hence fj = 1  -  f ,  -  f 2 -  f a  is proposed to increase at this rate up to the 
metathioborate composition (NajSiBjSs) and the remaining fraction, is set to zero. 
5.6.1.3.3. High alkali region (0.3 ^ x ^ 0. 75) 
In this region. is proposed to decrease out to x = 0.75 at the rate of = 
-1.693x + 1.27 and maximizes at x = 0.5 and goes to zero linearly out to x = 0.75 
at the rate of = -2.036x + 1.73. Table 4 shows /^(x) in this range. Once fa 
decreases, the next SRO group, orthothioborate group. 83(3) begins to form and 
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increases at the rate of = 1 - ^2 - 6 ifi = 0) up to maximum value of 1 at x = 0.75 
and then decreases linearly to 0 at x = 1. Beyond x = 0.75, the NajS group forms 
and reaches unity at x = 1 as shown in Fig. 93 and Table 11. 
5.6.1.4. Calculation of density 
Using Eq. (5.6.1) and the composition dependence of the f/s as seen in Fig. 93 
and given Table 10, the density was calculated using this model and is plotted along 
with the actual density data on Fig. 91. Albeit the and ^'s were the estimated 
values, the agreement with experimental data is striking. 
Table 11. Composition dependence of the fractions of the SRO groups in the 
xNajS + (l-xIBjSa glasses. 
fi 0 <x <0.2 0.2<x <0.3 0.3 < x < 0 . 7 5  0 . 7 5  < x ^  1 
f, 1 - 6x/2(1-x) 1 - 6x/2{1-x) 0 0 
^2 6x/2(1-x) O.lx + 0.7 -1.693X + 1.27 0 
u 0 1 - 1 - f j  (0.3 < x  <0.5) 
-2.036X+1.73 
(0.5 ^  <0.7) 
0 
u 0 0 1 - f, - fs -4x + 4 
u 0 0 0 1 -u 
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5.6.2. KjS + B2S3 glasses 
The density data for the potassium thioborate glasses follow the same trend as 
that for the sodium thioborate glasses. As can be seen in Fig. 95 and Table 11, below 
X = 0.3 the density increases from 1.7 g/mL to 1.9 g/mL. Above x = 0,40 the density 
decreases from 1.90 g/mL to 1.83 g/mL for x = 0.75. 
The "B NMR data of the sodium and potassium thioborate glasses [46, 86] have 
shown that the conversion rate, which is the number of boron atoms that are 
converted from trigonal to tetahedral borons by every added sulfide anion, decreases 
2.0 
0 Experimental value 
— Calculated value 
1.9 
1.71 
1.6 
0.0 0.8 0.6 0.2 0.4 
xKjS 
Figure 95. Experimental (filled circles) and calculated (line) values of the densities for 
xKjS + (1-x)B2S3 glasses. 
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sharply with increasing radius of the alkali modifier. In contrast to that of the alkali 
borate glasses which are kown to have conversion rates of ~ 2 tetrahedral borons per 
added oxide anion, the sodium and potassium thioborate glasses have conversion rates 
of 6 to 8 tetrahedral borons and 3 tetrahedral borons formed per added sulfide anion, 
respectively, in the low alkali glasses. The N4 maximum for the NazS + BjSg glasses 
occurs lower than that for the potassium thioborate glasses, x - 0.35 presumably due 
to the higher conversion rate in sodium thioborate glasses which would cause a faster 
"saturation" of the glass structure of tetrahedral borons. The maximum in N4 for the 
K2S + B2S3 glasses and is similar to the composition of the maximum l\J4 for the alkali 
borates [241. The "B NMR studies [86, 89] have determined as a function of x for 
the xKjS + (l-x) B2S3 glasses, and those fractions are shown in Fig. 96. This lends 
qualitative support to the notion that the density mirrors the underlying structural 
arrangements in a clear and simple way. 
Table 11. Densities of xKjS +{1-x)B2S3 Glasses. 
xKjS p(g/mL) i 0.02 xKjS p(g/mL) ± 0.02 
0.0 1.7 0.4 1.9 
0.05 1.73 0.45 1.89 
0.1 1.76 0.5 1.87 
0.15 1.8 0.6 1.85 
0.2 1.86 0.65 1.83 
0.25 1.90 0.7 1.83 
0.3 1.91 0.75 1.83 
0.35 1.92 
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Figure 96. Experimental (filled circles) and calculated (line) and values of the fractions 
of four-coordinated borons, N4, for xKjS + {l-x)B2S3 glasses. 
5.6.2.1. Molar volumes of individual SRO groups 
Table 12 shows the identification of individual V^-'s that are used in the analysis 
of the density data. For the low alkali glasses, x < 0.25, it has been proposed that in 
analogy to the behavior in the alkali borate glasses, and as observed in the IR studies 
of these glasses, that the tetrahedral boron group (B4) and trigonal boron group with no 
non-bridging sulfurs (B0(3)) are the only groups present in the glasses. The "B NMR 
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Table 12. SRO groups, formulas, molar masses and volumes in the KjS + B2S3 glasses. 
Group Name Formula Molar 
mass(g/moIe) 
Molar 
Voiume(mL/mole)(+2.7) 
1 B3(0) BS,.5 58.9 34.65 
2 84 KBSj 114.04 57.78 
3 83(1) KBSj 114.04 61.03 
4 83(3) K3BS3 224.31 122.57 
studies [86, 89] of the potassium glasses have shown that a = 3.15. Using a = 3.15, 
Table 12 show/s the best-fit the value of calculated using Eq (5.6.3). Hence, using 
Eq. (5.6.3), 1^2 can be calculated in this region. 
In the 0.3 ^ x < 0.5 region, the SRO groups, B3(0), 83(1) and 84 coexist, seen 
in Fig. 97. Using the values of the densities, the molar volumes of V„ and Mf, Mj, 
and M3 and f„ fz and V3 can be best-fit to Eq. (5.6.1) in this region and yields a 
value of 61.03mL/mole. Additionally, the density of sodium thioborate glasses [871 
showed that the molar volumes of the SRO groups were a linear function of the 
number of non-bridging sulfurs. As seen Fig. 98. the molar volumes of these groups 
forms a linear behavior as in the sodium thioborate glasses. 
At the other compositional extreme, x = 0.75, the IR spectrum of v-3K2S:B2S3 
has been determined [15, 67, 69] and this phase has been shown to consist of only 
trigonal boron groups with three non-bridging sulfurs (83(3)). From the measured 
density value at x = 0.75 and Eq. (5.6.5) gives a value of V4 = 122.57 mL/mole. 
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Figure 97. Composition dependence of tlie fractions of all SRO groups. 
Table 12 shows the values of the volumes and masses of the SRO groups as 
determined from this analysis. 
5.6.2.2. Composition dependence of the fractions of the individual SRO groups 
As shown above, once the volumes, masses and fractions of the individual SRO 
groups are determined, the density can be calculated using Eq. (5.6.1). At this point, a 
complete structural model is not known for these glasses due to their structural 
complexity. However, using IR and NMR data obtained so far, the composition 
dependence of the f/'s can be estimated over limited composition ranges. 
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B3(0) B3(I) B3(3) 
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Number of non-bridging sulfurs 
Figure 98. Plot of the dependence of the molar volume of the B3(i) groups as a function 
of the number of non-bridging sulfursO). 
5.6.2.2.1. Low alkali region (0 ^ x ^ 0.25) 
In this range, it has been proposed that two structural groups exist in the 
glasses: the 83(0) and B4 groups. The density can be calculated in this composition 
r e g i o n  i f  a  t e t r a h e d r a l  b o r o n s  a r e  f o r m e d  f o r  e v e r y  s u l f i d e  a n i o n s  a d d e d  a n d  f , ~ ^ -  / j ,  
fg = = 0. From Eq. (5.6.3), a equals 3.15 and is taken from the "B NMR data (461. 
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5.6.2.2.2. Intermediate alkali region (0.25 ^ x ^ 0.35) 
In this region, it is proposed that tetrahedral boron groups give way to form 
metathioborate units (three-coordinated boron with one non-bridging sulfur B3(1)). The 
occurrence of the first B3(1) group suggests that the fraction of the covalent 83(0) 
groups are likely to decrease to zero. The fraction, f2 = = 0.6 Ix + 0.373, was 
obtained by fitting the N4 fractions as shown in Fig. 82 as a linear function between 
these compositions. It is proposed that f, continues to decrease at the same rate it 
has in the low alkali region and hence f, = 1- 3.15x/2(l-x). is calculated in this 
region by Eq. (5.6.6) and thus f3=1- fr f2-
5.6.2.2.3. Medium alkali region (0.35 ^ x ^ 0.50) 
In this region, fj is proposed to decrease linearly out to x = 0.5 and therefore, 
= -2x -I- 1.276. f, goes to zero in a fashion shown in Table 13. Once f, and fi has 
been determined, = 1 - i, - f2 and fa reaches a maximum at x = 0.50, where 
stoichiometric KjSiBjSg should exist, is set to zero. 
5.6.2.2.4. High alkali region (0.50 ^ 0.75) 
In this region, a structural model has been proposed based on the "B NMR [46, 
89] and IR spectra [69], where orthothioborate groups (83(3)) are created at the 
expense of four-coordinated boron groups (84) and metathioborate groups (83(1)). The 
"B NMR [46, 89] and IR spectra [69] of the potassium thioborate glasses have 
indicated that N4 groups decrease to zero at x = 0.75 and for this reason, we propose 
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that linearly decreases to 0 at x = 0.75 at the rate of fz - -1.104x + 0.828. At x  
= 0.50, fgiBSd)) reaches a maximum and decreases to zero at x = 0.75. Beyond 
X = 0.5, B3(3) groups begin to appear and increases at rate of = /- - /j, {f, = 0) 
up to maximum value at x - 0.75 of unity, since f„ f2 and are proposed to all reach 
to zero at X = 0.75. 
To summarize these calculations and estimations of composition dependence of 
the atomic fractions of the SRO groups, fjS, Table 13 and Fig. 97 show the calculated 
f-s used in this model. 
Table 13. Composition dependence of the fractions of the SRO groups in 
xKjS + (1-x)B2S3 glasses. 
fi 0  ^ x < 0 . 2 5  0.25 <x <0.35 0.35 <x <0.50 0.50 ^x <0.75 
1 - 3.15x/2(1-x) 1 - 3.15x/2(1-x) 1- 3.15x/2(1-x) 0 
3.15x/2(1-x) O.eix + 0.373 -2.0x + 1.276 -1.104X + 0.828 
^3 0 1 - f, - fj 1 -2.7x + 2.023 
u  0 0 0 1  •  f j "  f a  
5.6.2.3. Calculation of the density 
Using Eq.(5.6.1) and the composition dependence of the ^'s as shown in Table 
13, the density was calculated and is plotted along with the actual density data in Fig. 
95. The calculated densities agree with the experimental values across the whole 
composition ranges with accuracies of +. 0.02 g/mL. It is interesting to note that a 
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comparison of the SRO groups of the sodium thioborate volumes with same groups for 
the potassium glasses as seen in Table 14 shows that potassium ions force the 
thioborate structure to occupy more volume. As potassium replaces sodium, the 
volumes increases. This is agreement with the larger size of the potassium ions. 
Table 14. Volumes of structural groups found in potassium thioborate glasses 
compared with the sodium thioborate glasses. 
Unit given by its 
fractional symbol Volume of unit/volume of boron with three bridging sulfurs 
sodium potassium 
B(0) 1 1 
B4 1.388 1.667 
B3(1) 1.651 1.761 
B3(3) 2.952 3.537 
5.6.3. RbjS + B2S3 glasses 
The density data for the rubidium thioborate glasses follow the same trend as 
that for the rubidium borate glasses [49]. As seen in Fig. 99 and Table 15, the density 
increases monotonically from 1.7 g/mL to 2.69 g/mL. The density data of the sodium 
and potassium thioborate glasses (87, 881, however, show that the density maximizes 
in the low alkali region, and decreases sharply out to a glass forming limit. The 
NMR spectra of the alkali thioborate glasses [46, 77, 78, 86] show that the 
conversion rate of trigonal to tetrahedral borons decreases as the size of the alkali 
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Figure 99. Experimental (filled circles) and calculated (line) values of the densities for 
xRbjS + (1-x)B2S3 glasses. 
cation increases. Thus, for the Na and K thioborate glasses [46, 86], 6 to 8 and 3 
tetrahedral borons, respectively, are formed per each added sulfur ion. 
For the rubidium thioborate glasses [77], the conversion rate from three- to 
four-coordinated borons decreases to 2.5 and is therefore similar to that for the 
rubidium borate glasses. As suggested from the IR spectra, this group is a 
three-coordinated boron with a single non-bridging sulfur (BS3'). The N4 data for the 
rubidium thioborate glasses are shown in Fig. 100 and the behavior of N4 contrasts 
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Table 15. Densities of xRbjS +{l-x)B2S3 glasses. 
xRbjS p(g/mL) ±0.02 xRbjS p(g/mU ± 0.02 
0.0 1.7 0.35 2.29 
0.05 1,8 0.4 2,35 
0.1 1.9 0.6 2.52 
0.15 2.0 0.65 2.59 
0.2 2.09 0.7 2.62 
0.25 2.17 0.75 2.69 
0.3 2.26 
tliat of the density data. The increasing density, yet decreasing N4, suggests that the 
heavy mass of the rubidium ion strongly effects the density. 
5.6.3.1. Composition dependence of the fractions of the individual SRO groups 
At this point, a complete structural model is not known for these glasses due to 
their structural complexity. Using IR and NMR data [77] obtained so far, however, 
the composition dependence of the ^'s can be estimated over the glass forming region. 
The values of the ^'s determined for these glasses are shown in Table 16. In the 
following, the way in which these values were determined will be presented. 
5.6.3.1.1. Low alkali region (0 ^  x ^ 0.25) 
In this region, we propose that only two structural groups exist in the glasses, 
the 83(0) and B4 groups, where, in Bi(j), i is the coordination number and j is the 
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number of non-bridging sulfurs, as shown in Table 17. In this region, tetrahedral borons 
are formed at the expense of trigonal borons. If a tetrahedral borons are formed for 
every RbjS added and N^. From Eq. (5.6.4) and f, = ^ - fz- The NMR data [77] 
shown in Fig. 100 indicate that a equals 2.5. Also, the IR spectra of these glasses 
have shown that the increasing fraction of tetarhedral norons by consuming trigonal 
borons. 
0 Experimental value (Ref.70) 
Calculated value 
0.8 
0.6 
Z 
0.4 
0.2 
0.8 0.0 0.4 0.6 0.2 
xRb2S 
Figure 100. Experimental (filled circles) and calculated (line), see text, and values of the 
fractions of four-coordinated borons, N4, for xRbjS + (1-x)B2S3 glasses. 
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Table 16. Composition dependence of the fractions of the SRO groups in xRbzS + 
(l-xIBjSj glasses. 
0 <x^0,25 0.25 <x< 0.3 0.3 <x <0.5 0.5 <x <0.75 
f1 1 - 2.5x/2(1-x) 1 - 2.5x/2(1-x) 1- 2.5x/2{1-x) 0 
f2 2.5x/2(1-x) 0.881X + 0.12 -1.004X + 0.77 -1.004X + 0.77 
^3 0 1
 1 
-1.086X +1.295 
f4 0 0 0 1 ' f2' ^ 3 
Table 17. SRO groups, formulas, molar masses and volumes in the RbzS + B2S3 
glasses. 
Group Name Formula Molar 
mass(g/mole) 
Molar volumes 
(mL/mole)(± 0.02) 
1 83(0) BS,,5 58.9 34.7 
2 84 RbBSj 160.4 62.3 
3 83(1) Rb8S2 160.4 70.4 
4 83(3) RbaBSa 363.4 128.8 
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5.6.3.1.2. Intermediate alkali region (0.25 <x<0.3) 
In this region, trigonal boron units with one non-bridging sulfur 63(1) (f,) begin 
to form due to the decreasing fraction, f^, of tetrahedral borons. It is proposed that f, 
goes to zero at the same rate as in the low allcali region and therefore /, = 1 -
2.5x/2(1-x). The fraction, - ^4 = 0.881x + 0.12 (0.25^x^0.3) was obtained by 
fitting the N4 fractions, shown in Fig. (100) as a linear function between those two 
compositions, is calculated from Eq. (5.6.6) and hence fg = 1 - f, - fj- ^3 'S 
proposed to increase at this rate up to x = 0.5. The remaining fraction, ^4, is set to 
zero. 
5.6.3.1.3. Middle alkali region (0.3 ^  x ^  0.5) 
In this region, it is proposed that f, goes to zero at the same rate it has in the 
low alkali region and hence f, = ^ - 2.5x/2{l-x), In this way f, goes to 0 at x = 0.44. 
fj is proposed to decrease linearly out to x = 0.7 at the rate of x = -1.044x + 0.77, 
whereafter it remains constant, - 0.05. Once f, and have been determined, fg = 
fi - f2 ^^4 = 0) and is proposed to increase in this way out to x = 0.5. 
5.6.3.1.4. High alkali region (0.5 ^  x^ 0.75) 
In this region, it is proposed that maximizes at x == 0.5, whereafter it 
decreases. The IR spectra of these glasses have shown that the metathioborate group 
63(1), 683^ remains stable even in the presence of the increasing fraction of 
orthothioborate groups B3{3), BSg^". IR spectral analysis of v-RbgBSa indicates that the 
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fraction of metathioborate groups (B3(1)) is equivalent to that of orthothioborate groups 
at X = 0.75. Thus, at x = 0.75, where f,=0 and ~ 0.04, fs and equal 0.48. This 
behavior contrasts that of the other MjS + BjSg glasses (M = Li, Na and K), where at 
the orthothioborate composition, V-M3BS3, the orthothioborate group, 83(3) becomes 
the dominant and only structural group present. This behavior is that predicted from the 
phase diagram for these system. Figure 100 shows that the fglNJ does not reach zero 
at the glass forming limit of x = 0.75 as it does in the Li, Na and K thioborate glasses 
[5, 6, 9]. In the region, 0.5 ^ x ^ 0.7, Fig. 100 shows that (NJ appears to 
decrease linearly out to x = 0.7; which, after fitting, yields = "I •044x + 0.77. 
fs decreases linearly from its value at x = 0.5 at the rate of fa = -1.086x + 
1.295 to its estimated value of 0.48 at x = 0.75, as discussed above. Beyond x = 
0.5, B3{3) groups begin to appear at the expense of the decreasing fraction of B4 and 
B3(1) groups and hence increases at the rate of = 1 - ft - fa if) = 0) up to 
maximum value of 0.48 at x = 0.75. From these models, reasonable estimates have 
been developed for the composition dependence of the atomic fractions of the SRO 
groups, f/s; Table 16 and Fig. 101 show the calculated f/s used in this model. 
5.6.3.2. Molar volumes of the individual SRO groups 
Table 17 shows the individual values of the Vj's that were used in this analysis 
to calculate the density. For the low alkali glasses, 0 < x < 0.25, it was proposed that 
the 83(0) and the 84 group are the only two groups formed in these glasses. Table 17 
shows the best-fit value for V2 calculated using Eq.(5.6.4). 
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Figure 101. Composition dependence of the fractions of the SRO groups. 
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Our previous density studies of the MjS + B2S3 glasses, where M = Na and K 
[8, 13] have shown that the volume of the orthothioborate group {V^) can be calculated 
directly using p = MJV^, where the IR spectrunn of the orthothioborate composition x = 
0.75 shows that this glass consists solely of orthothioborate groups Using 
this value of the molar volume (Vg) of metathioborate group B3(l) was determined 
by interpolating between the molar volumes of V-B2S3 (V-\) and V-M3BS3 (VJ. 
However, the IR spectrum of the rubidium thioborate glass at the composition x 
= 0.75 shows that this glass is comprised of three SRO groups, the orthothioborate 
group B3(3), the metathioborate group B3(1), and the tetrahedral boron, B4. At x = 
0.75, the fraction of orthothioborate groups does not go to zero; for this reason, Eq. 
(5.6.1) does not simplify as it does in the case of the Na and K thioborate glasses 
[46, 82]. For these reasons, a new method of estimating both and for the 
rubidium thioborate glasses was develpoed. 
Figure 101 shows that in the composition range 0.3 < x < 0.4 only the B3(0), 
B4, and B3{1) groups exist. Since p (x = 0.3, 0.35 and 0.4), f,, and fa and M,, M2, 
and M3 are known, and /!, = 0, V3 remains the lone adjustable parameter in Eq. (5.6.1). 
Fitting V3 to the density in this compositional range, yields a value of 70.4 mL/mole, as 
shown in Table 17. 
In the 0.5 < X < 0.75 region, Fig. 101 shows that the B4 and B3(1) groups are 
consumed to form the orthothioborate group and that f, - 0. Using p (x = 0.7), p (x = 
0.75), the molar volumes V2 and V3, M2 and M^, and f2, and ^4, can be best-fit 
to Eq. (5.6.1). 
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Such a fitting gives a value of - 128.5 mL/mole. In our studies of the other 
alkali thioborate glasses (88, 89], it was found that the molar volume is a linear 
function of the number of non-bridging sulfurs on the trigonal B3(i) group. Figure 102 
shows a plot of the molar volumes of the trigonal boron units for the rubidium 
thioborate glasses with zero non-bridging sulfurs one non-bridging sulfur (V3) and 
three non-bridging sulfurs iV^) estimated from the experimental density data as a 
function of the number of non-bridging sulfurs. As Fig. 102 shows, these values form 
a reasonable straight line connecting and V^and this behavior lends self-consistency 
to these values being reasonably correct. Note all the volumes were calculated 
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Figure 102. Plot of the dependence of the molar volume of the B3(i) groups as a 
function of the number of non-bridging sulfurs (i). 
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independently. Table 17 summarizes the values of the volumes and masses of the 
SRO groups as determined from this analysis. 
5.6.3.3. Calculation of density 
Using Eq. (5.6.1), the composition dependence of the f,'s, and the molar masses 
and volumes of the four SRO groups, the density was calculated and is compared to 
the experimental density data on Fig. 99. Even though the V^'s and f/s were estimated 
values, the calculated and experimental densities are in good agreement. In contrast to 
the behavior of the density data of the lighter alkali thioborate glasses, which exhibits a 
sharp maximum at x = 0.3, the densities of the rubidium thioborate glasses exhibit a 
monotonic increase throughout the full glass forming range. Although the various 
structural groups formed in these glasses as a function of composition must play a 
strong role in determining the density, the simple fact of the heavy mass of the 
rubidium cation cannot be overlooked. For example, at x = 0.75, the glass is 83.8 
wt% RbjS. 
The increasing density with xRbjS must therefore be associated with the 
rapidly increasing weight fraction of Rb in the glass, and the changing structural 
groups and molar volumes in these glasses. Fig. 103 shows the molar volumes for 
these glasses along with the calculated values from Eq. (5.6.7) as a function of xRbjS: 
V = t  fiVt <5.6.7) 
^1 
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As seen in Fig. 103, the values of molar volumes are nearly constant, 
irrespective of the fraction of RbjS. The data do, however, show a weak minimum in 
the range of x = 0.3 where the fraction of tetrahedral borons maximizes. In the 
absence of a such a heavy cation as Rb'^, these data would produce a maximum in the 
density, as it does in the lighter alkali thioborate glasses. This behavior indicates that 
the weight fraction of Rb is a dominant effect in increasing the density out to a glass 
forming limit. 
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Figure 103. Molar volume of the glass as a function of xRbjS. 
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5.6.4. CsjS + B2S3 glasses 
Figure 104 shows the composition dependence of the density for xCszS + 
(1-x)B2S3 glasses in the 0 <x ^ 0.6 range where the glasses were quenched and these 
data are tabulated on Table 18. The trend of the density continues to increases from 
1.7 g/mL at X = 0 to 3.1 g/mL at x = 0.6, the glass forming limit, and is similar to 
that of the rubidium thioborate glasses. The N4 data for the cesium thioborate glasses 
[78] are shown in Fig. 105. 
3.6 
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Figure 104. Experimental (filled circles) and calculated (line) values of the densities for 
xCSjS + (l-xjBjSa glasses. 
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Table 18. Densities of xCSjS +(1-x)B2S3 glasses. 
XCS2S p(g/mL)± 0.02 xCSjS p(g/mL) ± 0.02 
0.0 1.7 0.35 2.69 
0.05 1.85 0.4 2.79 
0.1 1.99 0.45 2.89 
0.15 2.14 0.5 2.95 
0.2 2.28 0.55 3.07 
0.25 2.43 0.6 3.1 
0.3 2.56 
The alkali borate and thioborate glasses have shown that the increase in density 
in the low alkali region is associated with the formation of tetrahedral boron SRO 
group, B4, in the glasses because the B4 group has a larger mass and only a marginally 
larger volume than the trigonal boron with no non-bridging sulfurs, B3(0). Thus, the 
density of the glass increases as 64 groups form at the expense of B3(0) at low alkali. 
In the presence of a decreasing N^, the increase in density in the high alkali region 
implies that the heavy molar mass of the cesium ion plays a dominant role in increasing 
the density as in the rubidium thioborate glasses. Such a monotonic increase in the 
density is not observed in the sodium and potassium thioborate glasses 187, 88], where 
the density decreases in the high alkali range. This behavior is associated with the 
formation of high molar volume trigonal groups having increasing fractions of terminal 
non-bridging sulfurs, B3{i), where i = 1 to 3. 
The "B NMR spectra of the alkali thioborate glasses [46, 77, 79, 861 have 
shown that the conversion rate (a), also equal to the coordination number per sulfur 
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anion by tetrahedral borons, of trigonal to tetrahedral borons decreases as the radius of 
the alkali ion increases. Thus, 6 to 8 and 3 tetrahedral borons are formed per each 
added alkali modifier for the sodium and potassium thioborate glasses, respectively. For 
the rubidium and cesium thioborate glasses [77, 78], the conversion rates from trigonal 
to tetrahedral borons decreases to 2.5 and 2, respectively and follows the behavior of 
the alkali borate glasses, for which a is - 2 [77, 78]. 
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Figure 105. Experimental (filled circles) and calculated (line) and values of the fractions 
of four-coordinated borons, N4, for xCs^S + (l-xjEzSg glasses. 
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Figure 105 shows that the formation rate of tetrahedral bo.ons follows the x/1-x 
law In the 0 < X < 0.2 range and begins to diverge from the x/1-x law at x = 0.25. 
This behavior indicates that a new SRO group is now being formed in these glasses and 
this group is a trigonal boron with one non-bridging sulfur, B3(1). 
5.6.4.1. Composition dependence of the fractions of the individual SRO groups 
By using the analysis of the "B NMR and IR spectra for the cesium thioborate 
glasses, the individual molar volumes, V,, of the SRO groups proposed for these glasses 
can be estimated over the glass forming range. 
5.6.4.1.1. Low alkali region (0 ^ x 0.2) 
In this region, in analogy to the behavior for the alkali borate glasses and as 
observed in the IR and "B NMR spectra of the cesium thioborate glasses, 84 (fz) 
groups are only group to form by consuming 83(0) groups. If a tetrahedral borons are 
formed for every CSjS added, and fj = N4 and the ^'8 NMR data [781 is shown in Fig. 
105, indicates that a = 2. 
5.6.4.1.2. Intermediate alkali region (0.2 ^  x ^  0.35) 
In this range, 84 group stop forming and the first appearance of the 83(1) 
group begins. The fraction, {2 = N4 = 1.168x + 0.12 (0.2 < x < 0.35) can be 
calculated by best-fitting the N4 fractions. The occurrence of the 83(1) group, BSa 
suggests that the fraction of 83(0) groups decreases at the same rate as in low alkali 
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region and hence /, = 1 - fi- Finally, fa is calculated from fa = 1 • fj - fz, and is 
proposed to increase at this rate up to = 0.5. is set to zero. 
5.6.4.1.3. High alkali region (0.35 0.75) 
In this region, it is proposed that fj maximizes at x = 0.5 and then begins to 
decrease. Once fg begins to decrease, the next SRO group, B3(3) begins to 
form. The IR spectra of these glasses have shown that the behavior of the IR spectra in 
this region is similar to those of the potassium thioborate glasses, viz, the decreasing 
fraction of the metathioborate group B3(1), BSg"', and the concomitant increasing 
fraction of the orthothioborate group out to a glass forming limit. However, the IR 
spectra of the rubidium thioborate glasses have shown that a higher fraction of the 
metathioborate groups persists even in the presence of the increasing fraction of the 
83(3) groups in this region. 
Figure 105 shows that fs (N^) decreases sharply to zero x ~ 0.65, after showing 
a miximum at x = 0.35 and this behavior is similar to that of the MjS + BjSg glasses 
(M = Na, K and Rb), where N4 decreases monotonically out to a glass forming limit. 
Hence, it is proposed that ^2 <^4) decreases linearly out to x - 0.65 at the rate of x = 
-1.388x + 0.915 and f, goes to zero at the same rate as in the low alkali region and 
hence f, = ^ - 2x/2(1-x), It is proposed that fg goes to zero at x = 0.75 from a 
maximum at x = 0.5. Table 19 gives f^ in this region. Once fs has been determined, 
= 1 - fi - fi - fs and is proposed to increase in this way up to x = 0.75 where f^ 
reaches unity. Table 19 and Fig. 106 show the calculated f,'s used in this model. 
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Figure 106. Composition dependence of the fractions of the SRO groups. 
5.6.4.2. Motar volumes of individual SRO groups 
In the 0.05 < 0.2 region, the "B NMR [711 and IR spectral data shows that 
B4 and 83(1) are the only two groups formed in these glasses. Thus, Eq. (5.6.1) 
becomes Eq. (5.6.3) and knowing Mz and f, (x) and fz (x), l/j can be 
calculated. Table 20 shows the best-fit value for Vj calculated using Eq. (5.6.3). In our 
previous density analysis of the rubidium thiborate glasses, it has been shown that V3 
and V4 can calculated from the known SRO f/s and density values of the glasses. As 
shown in Fig. 106, in the composition 0.2 <x < 0.5 range, only the 83(0), 84 and 
83(1) groups exist. 
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Table 19. Composition dependence of the fractions of the SRO 
groups in xCsjS + {l-xjBjSa glasses. 
fi 0  S x < 0 . 2  0.2 < x ^  0.35 0 . 3 5  < x <  0 . 7 5  
f1 1 -2x/2(1-x) 1 - 2x/2(l-x) 1- 2x/2(1-x) 
^2 2x/2(1-x) 1.168x 0.12 -1.388X + 0.915 
u 0 1
 1 1 - f, -
f4 0 0 1 • f] - f2 - fa 
Since p (0.2 <x < 0.5), fj, fz, and A7,, M^, are known, and = 0, V3 is 
the only adjustable parameter in Eq. (5.6.1). Fitting to the density in this 
compositional region, gives a value of 74.2 mL/mole, as shown in Table 20. In the 0.5 
<x < 0.6 region. Fig. 106 shows that the orthothioborate group, 83(3) forms at the 
expense of the 84 and 83(1) groups and f, = 0. V4 is systematically varied in Eq. 
(5.6.1) to best-fit the density data and a value of = 154.7 mL/mole was obtained. 
The other alkali thioborate glasses have indicated that the molar volume of 8(0), 83(1) 
and 83(3) versus the number of non-bridging sulfurs shows a linear relationship. 
Table 20. SRO groups, formulas, molar masses and volumes in the CsjS -t- 82S3 
glasses. 
Group Name Formula Molar 
mass(g/mole) 
Molar volumes 
(mL/mole)(± 2.7) 
1 83(0) BS, .5  58.9 34.7 
2 84 CsBSj 207.84 63.6 
3 83(1) CsBSj 207.84 74.2 
4 83(3) CS3BS3 505.7 154.7 
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The molar volume of these groups in the cesium thioborate glasses shows a 
linear function of the number of non-bridging sulfurs as seen in Fig. 107. Table 20 
summaries the values of the molar volumes and masses of the SRO groups as 
calculated from this analysis. 
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Figure 107. Plot of the dependence of the molar volume of the B3(i) groups as a 
function of the number of non-bridging sulfurs (i). Line is best-fit straight 
line to the data. 
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5.6.4.3. Calculation of density 
Using Eq. (1) and the composition dependence of the f/s as seen in Fig. 106 and 
given in Table 19, the density was calculated using this model described above and is 
plotted along with actual density data on Fig. 104. As can be seen in Fig. 104, 
although the V/s and f/s were from estimated values, it shows a good agreement 
between the calculated and experimental densities. The density is similar to the trend 
of the density data of the rubidium thioborate glasses [34]. Figure 108 shows the molar 
volumes for cesium thioborate glasses along with the calculated values from Eq. 
(5.6.7) against xCsjS. 
Figure 108 shows the values of molar volumes increases monotonically in the 
0.4 S X S 0.75 and contrasts that found in the rubidium thioborate glasses, shows the 
increasing weight fraction of the rubidium cation and nearly constant molar volumes 
in the glass strongly affects the increasing density throughout the full glass forming 
range. This behavior indicates that, as x approaches 0.75, the weight fraction of Cs is 
a dominant effect in increasing density in spite of the increasing molar volumes of 
these glasses. 
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Figure 108. Molar volume of the glass as a function of xCSzS. 
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CHAPTER 6. SUMMARY AND CONCLUSIONS 
Overall, the principles governing the structure of the alkali borate glasses are 
found to be quite similar to those in analogy thioborate glasses. The IR spectra of the 
alkali (thio) borate glasses have shown that the monotonic increase band arised from 
the BS4 units is dominant accompanied by the destruction of three-coordinated boron 
units at the low alkali region, whereas the formation of (ortho) thioborate groups forms 
and is a main structure present at the glass forming limit. This behavior is found to be 
similar to those for alkali borate glasses. The IR spectra of the Sr and Ba thioborate 
glasses is analogous to those of alkali thioborate glasses. 
The IR spectra of the alkali thioborate systems have found to show many close 
resembalences, but exhibited a striking difference in the spectra of the alkali 
thioborates depending on the alklai ion present. For the low alkali glasses, the IR 
spectra of K, Rb and Cs thioborate glasses have interpreted that, as tetrahedral borons 
do form, they do so at the expense of three-coordinated borons with six-membered ring 
groups. For the high Li, K and Cs thioborate glasses, the IR spectra have resolved that 
the orthothioborate groups increase out to glass forming limit, while tetrahedral boron 
units and metathioborate groups diminish and reach zero in intensity. However, the 
structure of the Rb thioborate glasses at the glass forming limit appeared to be 
consisted of the metathioborate groups, orthothioborate groups, and tetrahedral boron 
units. 
A structural model was developed from the IR and "B NMR spectral studies and 
that used to connect the density to the SRO groups in alkali thioborate glasses. The 
densities of the sodium and potassium thioborate glasses have shown that the density 
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follows the fraction of tetrahedral boron units and increases from pure B2S3 out to x = 
0.25 - 0.35, where the N4 fraction maximizes. Thereafter, the density decreases out to 
X = 0.75 in both systems. In the Rb and Cs thioborate glasses, the further density 
increase in the high alkali region is associated with the increasing fractions of the 
metathioborate groups (6383® ) and orthothioborate groups (BSa^ ) with terminal and 
heavy rubidium or cesium ions. 
The conversion ration of trigonal borons to tetrahedral borons is - 2 whereas it 
shows - 6 to 8 and - 3 for the sodium and potassium thioborate glasses and this 
decreasing fractions of N4 are directly associated with increasing Tg in low alkali 
glasses. In the rubidium and cesium glasses, even though sulfur ions play a dominant 
role in governing the Tg, there must be increasing Tg effect due to the decreasing 
fraction of tetrahedral borons. In the high alkali glasses. The decrease in Tg at the 
high alkali region appears to be related to formation of non-bridging sulfurs responsible 
for the depolymerization process. 
188 
BIBLOGRAPHY 
1. J. H. Kennedy, Mat. Res. Soc. Symp. Proc. 135 (1989) 449-460. 
2. V. Michel-Lledos, A. Pradel and M. Ribes, Eur. J. Solid State Inorg. Chem., 29 
(1992) 301-310. 
3. J. H. Kennedy and 2. Zhang, J. Electrochem. Soc., 136(9) (1989) 2441-2443. 
4. Z. Zhang and J. H. Kennedy, Solid State Ionics, 38 (1990) 217-224. 
5. S. Susman, L. Boehm, C. Delbecq, K. Volin, Solid State Ionics, 5 (1981) 667. 
6. A. Levasseur, R. Olazcuaga, M. Kabala, M. Zahir and P. Hagenmuller, C. R. Acad. 
Sc. Paris, t.293 (1981) 563-565. 
7. J. H. Kennedy, Mat. Chem. and Phys., 23(1) (1989) 23-29. 
8. A. Pradel and M. Ribes, Mat. Chem. and Phys., 23(1) (1989) 121-142. 
9. S. Susman, L. Boehm, and K. J. Volin, Solid State Ionics, 5 (1981) 667. 
10. R. Mercier, J.-P. Malugani, B. Fahys, and G. Robert, Solid State Ionics, 5 (1981) 
663-666. 
11. M. Menetrier, A. Hojjaji, C. Estournes, and A. Levasseur, Solid State Ionics, 48 
(1991) 325-330. 
12. J. Cho, Master of Science Thesis, Iowa State University, Ames, 1992. 
13. S.W. Martin, D. R. Bloyer, and T. Polewik, Ceramic Transactions, Vol. 20, K. M. 
Nair, Ed, 1992, pi45-159. American Ceramic Society, Westerville, OH. 
14. S. W. Martin, D. R. Bloyer, J. Amer. Ceram. Soc., 74(5) (1991) 1003. 
15. D. R. Bloyer, J. Cho, S. W. Martin, J. Amer. Ceram. Soc., 76(11) (1993) 2753. 
16. H. K. Patel, S. W. Martin, Phys. Rev. B, 45(18) (1992) 10292. 
17. H. K. Patel and S.W. Martin, Solid State Ionics, 53-56 (1992) 1148-1156. 
189 
18. W. H. Zachariasen, J. Amer. Chem. Soc., 54(10) (1932) 3841. 
19. B. E. Warren, H. Krutter, J. Amer. Ceram. Soc., 19 (1936) 202. 
20. J. Krogh-Moe, Phys. and Chem. of Glasses, 1 (1960) 26. 
21. J. Krogh-Moe, Ark. Kemi., 12 (1958) 475. 
22. A. E. Gelssberger, F. L. Galeener, "Structure of Non-Crystalline Materials" 
eds. P. H. Gaskell, J. M. Parker, E. A. Davis (Taylor & Francis, London, 
1982), p 381-391. 
23. A. H. Silver, P. J. Bray, J. Phys. Chem., 29 (1958) 984. 
24. G. E. Jellison, Jr, P. J. Bray, J. Non-Cryst. Solids. 29 (1978) 187. 
25. E. Cartmell and G. W.A. Fowels, Valency and molecular structure p.90-195. 
26. D.F. Shriver and P. W. Atkins, Inorganic chemistry Chaper 2, 3. 
27. G. E. Jellison, S. A. Feller, P. J. Bray, Phys. Chem. Glasses, 19(3) (1978) 52. 
28. P.J. Bray and J.G. 0' Keefe, Phys. Chem. Glasses, 4(2) (1963) 37. 
29. S. W. Martin, C. A. Angell, J. Non-Cryst. Solids. 66 (1984) 429-442. 
30. W. L. Konijendijk, J. M. Stevels, J. Non-Cryst. Solids, 18 (1975) 307. 
31. J. E. Shelby, J. Amer. Ceram. Soc.,66 (1982)225-227. 
32. D. P. Button, R. Tandon, C. King, M. H. Velez, H. L. Tuller, and D. R. 
Uhlmann, J. Non-Cryst. Solids. 49 (1982) 129. 
33. D.R. Uhlmann, A. G. Kolbeck, D. L. De Witte, J. Non-Cryst. Solids, 5 (1971) 426. 
34. M. Affatgato, S. Feller. E. J. Khaw, D. Feil, B. Teoh & Mathews, J. Non-Cryst. 
Solids. 31(1) (1990). 
35. M. Shibata, C. Sanchez, H. Patel, S. Feller, J. Non-Cryst. Solids, 85 (1986) 29. 
190 
36. A. Karki, S. Feller, H. P. Lim, J. Stark and C. Sanchez, J. Non-Cryst. Solids, 92 
(1987) 11. 
37. Lim, H, P., Karki, A., Feller, S., Kasper, J., Sumcad, G., J. Non-Cryst. Solids, 91 
(1987) 324. 
38. S. Takeuch, T. Yamate, M. Kunugi, J. Mater. Sci. Soc. Jpn. 14(138) (1965) 
225. 
39. Markin, B. I., Fiz. Tverd. Tel. Leningrad., 3(2) (1961) 450. 
40. M. Kungi, A. Konishi, S. Takeeuchi, T. Yamate, J. Mater, Sci. Soc. Jpn, 
21(230) (1972) 978. 
41. H. Y. Chen, P.W. Gilles, J. Amer. Chem. Soc. 92 (1970) 2309. 
42. H. Diercks and B. Krebs, Angew. Chem. (Int. Ed. Engl.), 16(5) (1977) 313 . 
43. B. Krebs, Angew, Chemie (International English Edition), 22 (1983) 113, 
44. S. W. Martin, D. R. Bloyer, J. Amer. Ceram. Soc., 73(11) (1990) 3481. 
45. M. Menetrier, A, Hojjaii, A. Levasseur, Phys, Chem. Glasses, 33(6) (1992) 
222. 
46. J- A. Sills, S. W. Martin, D. R, Torgeson, J. Non-Cryst. Solids, 168 (1994) 86. 
47. J. Silles, Ph. D. Thesis, Iowa State University, Ames, 1993. 
48. S. W. Martin, Ph. D. Thesis, Purdue university, 1986. 
49. M. Royle, M. Sharama, S. Feller, J. Mackenzie and S. Nijhawan, Phys. and Chem. 
of Glasses, 34 (4) (1993) 149. 
50. S. Greenblatt and P. J. Bray, Phys. and Chem. of Glasses, 8(5) (1967) 190. 
51. M. J. Park, P. J. Bray, Phys. and Chem. of Glasses, 13(2) (1972) 50. 
191 
52. F. Chopin and B. Capdepuy, Bull. Soc. Chim. Fr., (1970) 505. 
53. D. E. Hintenlang and P. J. Bray, J. IMon-Cryst. Solids, 69 (1985) 243. 
54. F. Taulelle, C. Bessada and D. Massiot, J. Chem. Phys., 89 (1992) 379. 
55. I. J. Lowe and C. E. Tarr, J. Phys,, El (1968) 320. 
56. D. J. Adduci and B. C. Gerstein, Rev. Sci. Instrum., 50 (1979) 1403. 
57. D. J. Adduci, D. R. Torgeson, unpublished. 
58. Modified version of receiver following basic design of D. J. Adduci, P. A. Hornung 
and D. R. Torgeson, Rev. Sci. Instrum., 47 (1976) 1503. 
59. D. R. Torgeson, unpublished work. 
60. E. I. Kamitsos, A. P. Patsis, and M.. A. Karakassides, G. D. Chryssikos, J. 
Non-Cryst. Solids, 126 (1990) 52. 
61. E, I. Kamitsos, G. D. Chryssikos, J. Mole. Struct. 247 (1991) 1. 
62. E. I. Kamitsos, A. P. Patsis, G. D. Chryssikos, Phys. and Chem. of Glasses, 28(5) 
(1987) 203. 
63. E. I. Kamitsos, J. De Physique, 2 (1992) c2-87. 
64. E. I. Kamitsos, A. P. Patsis, G. D. Chryssikos, J. Non-Cryst. Solids, 152 (1993) 
246. 
65. P. Zum Hebel, B. Krebs, Solid State Ionics, 43 (1990) 133. 
66. F. Chopin, G. Turrell, J. Mole. Struct,, 3 (1969) 57. 
67. J, Cho, S. W, Martin, J, Non-Cryst. Solids, 170 (1994) 182. 
68. D. R. Bloyer, Master of Science Thesis, Iowa State University. Ames, 1989. 
69. J. Cho , S.W. Martin, J. Non-Cryst. Solids, in press. 
70. J, Krogh-Moe, Phys, Chem. Glasses. 1965,6(2), 45. 
192 
71. C. Puttmann, H. Diercks and B. Kerbs, Phos, Sulfur, and Silicon, 65 (1992) 1. 
72. C. Puttmann, W. Hamann, C. Brendel and B. Krebs, Z. Anorg. Allg. Chem., 619 
(1993) 109. 
73. E. 1. Kamitsos, A.P. Patsis, G. D, Chryssikos and M.. A. Karakassides, Mat. Sci. 
and Eng. 1990, 87, 1. 
74. E. I. Kamitsos, M. A. Karakassides and G. D. Chryssikos, J. Phys. Chem. Glasses. 
1989,30(6), 229. 
75. E. I. Kamitsos, M. A. Karakassides and G. D. Chryssikos, J. Phys. Chem. Glasses. 
1990, 31 (3), 109. 
76. E. I. Kamitsos, M. A. Karakassides and G. D. Chryssikos, J. Non-Cryst. Solids. 116 
(1990) 115. 
77. J. Cho, S. W. Martin, K. Kim and D. R. Torgeson, J. Non-Cryst. Solids, to be 
submitted. 
78. J. Cho, S. W. Martin, K. Kim and D. R. Torgeson, J. Non-Cryst. Solids, to be 
submitted. 
79. C. Puttmann, W. Hamann and B. Krebs, Eur. J. Solid State Inorg. Chem. 29 (1992) 
857. 
80. J. Cho, S. W. Martin, J. Non-Cryst. Solids, to be submitted. 
81. S. Black, G. J. Piermarini, Phys. and Chem. of Glasses, 5 (1968) 5 
82. J. Krogh-Moe, Acta Chem. Scand., 18 (1964) 2055. 
83. S. Block, A. Perloff and C. E. Wier, Acta. Cryst. 17 (1964) 314. 
84. P. B. Hart and S. E. F. Smallwood, J. Inorg. Nucl. Chem. 24 (1962) 1047. 
193 
85. J. Kinc, J. Cho, D. Bloyer and S. W. Martin, "Assignment of the Glass transition, 
ASTM STP 1249, R. J. Seyler, Ed., American Society for Testing and Materials, 
Philadelphia, 1994, pp. 185-201. 
86. J. A. Sills, S. W. Martin, D. R. Torgeson, J. Non-Cryst. Solids, 175 (1994) 270. 
87. S. W. Martin, J. Cho and T. Polewik, J. Amer. Ceram. Soc., in press. 
88. J. Cho and S. W. Martin, J. Non-Cryst. Solids, submitted. 
89. J. Cho, S. W. Martin, K. Kim and D. R. Torgeson, J. Non-Cryst. Solids, to be 
submitted. 
194 
ACKNOWLEDGMENTS 
First of all, I would like to thank Dr. Steve W. Martin for providing me the 
opportunity to work on a interesting project and for many useful discussions, constant 
encouragement and helpful advice throughout this work. 
Sincere thank is due to Dr. Sanghyoun Han in Ames Lab. for useful discussions 
on the x-ray diffraction measurements of the BjSg - based polycrystals. 
Also, I would like to thank Kyunhan Kim in Physics Dept. for the time spent 
measuring my samples and answering questions. 
Thank are also due to Hitendra Patel, Joe Kincs for their helpful discussions on 
the conductivity measurements, and Jim Hudgens for his assistance. 
